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ABSTRACT

A study of gas-to-liquid heat exchangers is made for Brayton cycle
powerplants in space. The function of the studied heat exchangers 1is
to enable the cycle working gas to transfer the waste heat of the
cycle to a liquid coolant. In the heat exchanger configuration consid-
ered, hot argon and hot neon flow across banks of externally finned
tubes and transfer cycle waste heat to liguld NaK, lithium and water
flowing inside the tubes. Heat exchangers are calculated for cycle
power levels of 10 to 1000 KW, . At high performance operating condi-
tions, the heat exchangers are computed to have specific weights of
about 1 1b/KW, in a 1000 KW system, about 1.5 1b/KW, in 500 and 100 KW
systems, and about 3.5 to 5.5 1b/KW, in a 10 KW system.
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SUMMARY

Gas-to-liquid heat exchangers are discussed in relation to Brayton
cycle powerplants for space applications. It is indicated that for
missions in space, the reliability of a heat exchanger 1is as
important as its weight. In order to satisfy the reliability and
welight requirements, a heat exchanger geometry that employs
externally finned tubes 1s selected. In the selected geometry, the
gas flows across the finned tubes and the liquid flows inside the
tubes. A multipass cross-counterflow arrangement of the fluid flow

paths 1s postulated.

Sizes and weights are computed for finned tube gas-to-liquid heat
exchangers that operate with argon and neon as primary flulds and
with NaK, lithium and water as coolants, in Brayton cycle systems
that are capable of generating 10 to 1000 kilowatts of electrical

power in space applications.

The effects of geometric, thermal, coolant and materials parameters
on the size and weight of finned tube gas-to-liquid heat exchangers

are discussed.

A criterion is presented for estimating suitable values of thermal
parameters in the systems under consideration. The criterion is
applied to the selection of potentially attractive combinations of
heat exchanger cooling effectiveness and gas stream-to-coolant

stream heat capacity ratio at each of four cycle power levels



considered. At the selected conditions, high performance heat
exchangers are computed to have specific weights of about 1 lb/KWe
in a 1000 KW system, about 1.5 1b/KW, in 500 and 100 KW systems,
and about 3.5 to 5.5 1b/KWgy in a 10 KW system.

A method of calculating externally finned, multipass, cross-
counterflow gas-to-liquid heat exchangers is indicated in an
appendix. A variation of Jameson's method of correlating data on
flow across banks of externally finned tubes is applied to 15 sets

of experimental data and is indicated in a figure herein.

ILLUSTRATIVE HEAT EXCHANGER DATA

Cycle power levels, working fluids, thermal and pressure perform-
ances, tube and fin materials, and heat exchanger sizes and
weights illustrative of the combinations considered in the present

study are indicated on the following page.
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Power level (KW) 10 10 10 100 500 1000 1000
Gas A A A Ne Ne A A
Coolant NakK NakK H,0 NaK NaK NaK Li
Cooling effectiveness .95 .95 .95 .95 .95 .95 .95
(ﬁcp)gas/(ﬁcp)coolant 1.0 1.0 1.0 .95 .95 .95 .95
Coolant Ap (psi) 10 10 10 30 30 30 30
Tube o.d. (inch) 1/8 1/8 1/8 3/16 3/16 3/16 3/16‘
Tube metal Al Steel Steel Steel Steel Steel Cb-1%Zr
Fin metal Al Al Al Al Al Cu Cu
Wet weight, excl. shell, (1b) 32.6  51.3  54.3 132 660 1159 860
Core volume (ft3) .78 .78 .88 1.6 8.1 8.3 7.2
No. of tubes 295 295 100 540 2700 3030 1270
Specific wt., excl. shell, (1b/KW) 3.3 5.1 5.4 1.3 1.3 1.2 .86
Core specific vol., (£t3/KW) - 078 .078 .088 .016 .016 .0083  .0072

* In every case, the number of coolant passes in cross-counterflow is 8, the tube (i.d./o.d.)
is 0.85, the number of fins per inch is 30, the fin thickness is .005 inch and the fin
(0.d./1.d.) 1is 2.0.



INTRODUCTION

In Brayton cycle powerplants that generate electrical power in
space, the weight of the waste heat radiator may contribute as
much as 50 percent of the total weight of the system (References
1, 2). Methods of reducing the radiator weight therefore require

study.

One possible approach to reducing the weight of Brayton cycle
radiators is to use a high performance liquid, instead of the

primary cycle gas, as the radiator working fluid. Use of a high
performance licuid has major advantages: (1) The convective heat
transfer process in the radiator channels is improved. (2) Relatively
small diameter radiator tubes and small diameter headers can be used
without excessive pressure drop or pumping power. Both of the cited

factors can lead to significant reductions in meteoroid armor weight.

If a 1liguid is to replace the cycle gas as the radliator working
fluid, provision must be made to transfer the waste heat of the
cycle from the primary gas to the liguid. To implement this
exchange of heat, an auxiliary heat exchanger must be employed.
Figure 1 indicates the manner in which the heat exchanger is intro-

duced into the cycle.

The auxiliary heat exchanger in which the waste heat of the cycle
is transferred from the primary gas to an auxiliary liquid is the

subject of discussion in the present report. The selection of a
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suitable geometry for the gas-to-liguid heat exchanger, and the
calculation of its sizes and weights at a variety of cycle
operating conditions, are objectives of the present study. The

explicit purposes of the study are as follows:

(1) to indicate a gas-to-liquid heat exchanger geometry
that can offer both low weight and high reliability;

(2) to perform parametric studies of this heat exchanger
geometry at operating conditions of interest in four possible

Brayton cycles in space.

Toward meeting the first of the stated purposes, an externally
finned tubular heat exchanger element 1s chosen in this study, as
suggested in figure 2. The upper half of figure 2 shows a
cylindrical tube with circular fins bonded to 1ts outer surface.
Liguid is assumed to flow inside the tube, the interior surface
of which 1s unfinned. The lower half of figure 2 shows tubes of
this sort arranged in a staggered array. The cycle gas flows
across the staggered tubes and transfers its heat to the fins

and to the tube outer surfaces. This heat 1s then transferred

by the tube walls to the liquid that flows in the tube interiors.
The flow path of the liquid is shown in figure 3. This figure
shows that the coolant flow is perpendicular to that of the cyele
gas In any one pass, but that by performing successive passes the
coolant ultimately moves in counterflow to the gas. The cross-
counterflow arrangement depicted in figure 3 1is a standard one
and is well known. It permits an approach to thermal counterflow
with a circuit that employs local crossflow of the heat exchanging

fluids.



Toward meeting the second of the above-stated purposes, the
following geometric, material, thermal and coolant parameters are
explored: tube diameter, fin diameter, fin thickness, number of

fins per inch of tube length; tube material, fin material, coolant
composition; heat exchanger cooling effectiveness, gas-to-coolant
(ﬁcp)-ratio, number of coolant passes in cross-counterflow (figure 3)
and coolant pressure drop. Details of the parametric variations are

as follows:

Tube outside diameter (inch) 0.125 to 0.250
Fin-to-tube diameter ratio 1.4 to 2.9

Fin thickness (inch) .005, .010
Fins per inch 10 to 4O

Tube materials Al, Steel, Cb-2r
Fin materials Al, Cu
Coolants NaK, Li, H50
(rhcp)gas/(ﬁlcp)coolant .90, .95, 1.0
Cooling effectiveness .90, .925, .95
Number of coolant passes (fig. 3) 6, 8

Coolant pressure drop (psi) 5 to 100

The cycle power levels at which the studies were made were 10, 100,
500 and 1000 KW, . In the 10 and 1000 KW cycles the working gas was

argon; in the 100 and 500 KW cycles the working gas was neon.

For the calculations, use was made of the equations of resistance to

fluid flow and heat transfer, which require a knowledge of friction



factors and heat transfer coefficients. In order to obtain working
curves for the friction factors and heat transfer coefficients of
the gas, 15 sets of data on friction and heat transfer in flow
across finned tubes of the sort shown in figure 2 were correlated.
For the liquid coolants, flow resistance and heat transfer were

computed with relations presented in References 3 and k4.

The calculations yielded the axial, transverse and no-flow
dimensions of the gas cooler (exclusive of the enclosing shell);
the number of tubes and their length; and the weights of the tubes,
fins, liquid and return bends. No attempt was made to determine
the size or weight of the enclosing shell, as the detailed stress
analyses required for lightweight shell design were outside the

scope of the present study.

The numerical results that appear hereln are viewed as possible
starting values in the event that detalled design studies are
ultimately undertaken. The parametric nature of the present
calculations discloses the parameters and the directions in which
changes might desirably be made in optimizing a design at one or

more of the power levels studied.




OBJECTIVES

The two purposes of the present study are (1) to indicate a basic
heat exchanger geometry that has the potentlal to be both lightweight
and reliable, and (2) to generate parametric data on gas coolers
that use the basic heat exchanger geometry to meet the following

operating specifications:

I G I

Cycle electrical output (KW) 10 100 500 1000
Gas Argon Neon Neon Argon
Gas mcp (Btu/sec °R) .0758 <O 4,7 542
Gas inlet temp. (©OR) 915 1193 1193 1584
Gas outlet temp. (°R) 536 690 690 975
Gas inlet pressure (psia) 6.57 5%.5 54,5 213
Gas outlet pressure (psia) 6.00 50.0 50.0 200
Gas pressure drop (psi) 0.57 k.5 4.5 13

In order to cool the gases between the temperature limits shown
in Table 1, NaK, lithium and other suitable coolants are to be

considered.
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Reliability and Weight

In selectling a basic heat exchanger geometry for power systems in
space, the requirement of high reliability must be given the same
importance as the requirement of low welght and volume. Reference
5 asserts that "Electric power systems for space applications

have many unique and restrictive requirements imposed upon their
design. Chief among these is the requirement for extreme relia-

bility for long periods of unattended operation."”

The factors that affect heat exchanger reliability may vary from
one system to another. 1In the gas coolers of the present study
such factors include thermal stress, thermal strain cycling,
stresses arising from local pressure differences between the
heat exchanging fluids, formation of deposits on the walls and
non-uniform distribution of the fluids. These factors are

examined briefly in the following paragraphs.

Thermal stress is a potential factor in reliability because, as
shown by Table I, the temperature of the gas will change by sub-
stantial amounts in the gas coolers, the temperature drop ranging
from about 380°R in the 10 KW system to about 610°R in the 1000 KW
system. At the high cooling efféctivenesses to which the gas
coolers will be designed, the liocuid and wall temperatureswill
also change by several hundred degrees from inlet to exit stations.

The thermal expansions of the various metal regions will therefore



differ non-negligibly from one another, and unless there is freedom

for differential thermal growth, thermal stress will result.

Thermal strain cycling is a potential factor in reliability because
the power level may not remain steady, either because of a planned
schedule of power change or because of unforeseen developments

during long periods of unattended operation in space.

In discussing the experience gained from a high performance heat
exchanger development program at the Oak Ridge National Laboratory,
Reference 6 asserts that "It was found that thermal stresses
imposed the most important single set of fundamental limitations
on the heat exchanger design, and that thermal strain cycling
assoclated with changes from low to high power was the most impor-
tant failure mechanism." This assertion, taken together with the
comments in the preceding two paragraphs, makes clear that the
basic geometry of the gas coolers must be selected so as to mini-
mize the occurrence of thermal stress and insure low vulnerability

to thermal strain cycling.

Mechanical stresses originating from local pressure differences
between the heat exchanging flulds are potential factors in gas
cooler reliability because of the fluid pressure changes that

will occur along the gas cooler channels. Even in the case of the
10 KW system, in which the pressure change of the gas is small
(Table I), the 1liquid pressure drop may be substantial. Liquid
pressure drops in the range 20 to 30 psi might readily be reqguired

in order to achleve uniform coolant distribution, adecuate heat

10



transfer coefficients, reasonable header weights and non-cavitating
and efficient pump operation, particularly where liquid metals are
concerned. Depending on the pressure levels and pressure drops

of the gas and coolant, substantial pressure differences could
exist between the fluilds at the inlet or exit stations of the gas
coolersy reversals in the algebraic sign of the pressure difference
might also occur at intermediate points along the channel lengths.
For these reasons the basic gas cooler geometry should be one that
has inherently good structural characteristics under differential

pressure loads.

Deposit formation on the walls of the gas cooler channels is also
a potential factor in reliability, particularly if liquid metals
are used. In the presence of substantial temperature changes
along the channel walls, transfer of wall material from hot to
cooler regions may be caused by the liguid metals. In the cases
of molten 1lithium and NaK, oxide formation and deposition on the
walls may also occur. Accretions of transferred mass and of
oxides would affect the flow distribution and pressure drop of
the liguid, as well as the resistance to the flow of heat. To
minimize plugging, flow distortion and excessive pressure drop,
the liquid channels must have adequate dimensions transverse to
the direction of fluid flow, without involving excessive volume

or weight of the liguid.

Fluid flow distribution is also a factor in reliability because

unless the gas and coolant are both properly distributed, the

11



pefformance of the gas cooler, and ultimately of the system, will
differ from the intended performance. For this reason the basic
geometry must be chosen so as to minimize maldistribution of the gas

or liquid.

In addition to satisfying the foregoing reliability requirements,
the gas cooler geometry must be capable of being light in weight.
Thus, the geometry must provide high gas side heat transfer coef-
ficients, lend itself readily to the use of a large amount of fin
surface on the gas side of the walls, and be structural when thin

gage materials are used without weight-augmenting support members.

On the basis of the foregoing considerations, externally finned
tubes of the type shown in figure 2 were selected as the basic
elements of the gas cooler, and a staggered array of the tubes,

as suggested in figure 2, was postulated. In this arrangement the
gas flows across the tubes and the liquid flows in the tube
interiors. The 1liquid moves in cross-counterflow to the gas, as
suggested in figure 3. Heat is convected by the gas to the fins
and to the tube outer surfaces; the heat is then conducted across
the tube walls and 1s transferred by convection to the liquid that

sweeps the tube inner surfaces.

From the viewpoints of thermal stress and thermal strain cycling,
the geometries shown in figures 2 and 3 are believed to be satis-
factory because each tube and each fin has considerable freedom
to adjust to its own thermal growth reguirements. Inasmuch as

disk fins rather than plate fins are employed, the fins do not

12



tie the tubes together; hence the tubes can perform differential
transverse motions. Such motions might be required to allow
individual tubes to adjust to differential thermal growths of
the end supports. Similarly, the fact that the fins do not tie
the tubes together facilitates differential growths of the tube
lengths. Stress from unequal tube length expansions is further
avolided by virtue of the multi-pass nature of the liquild circuit

and by the use of U-bends to Join the tubes of successive passes.

The multi-pass factor insures that temperature differences between

tubes having common supports will not be large; and, at moderate
temperature inequalities, U-bends can be properly shaped to accom-

modate the unequal growths.

The described freedom for differential thermal expansions of the
individual tubes and fins reduces the probability of structural
failures and of fluid leakage at welded or brazed junctions. In
addition, the external locations of the fin-to-tube and tube-to-
U-bend Jjunctions permit the use of standard methods of inspection,
and thereby facilitate quality control during fabrication and

assembly.

From the viewpoint of structural soundness under differential
pressure loads, tubes are well known to be satisfactory. With
regard to such loads, 1t is noteworthy that the structural sound-
ness of the finned tubes of figure 2 1is not impalred by imperfect
bonding between fin and tube, as the function of the fins is

entirely thermal and not structural.

13



Tubes are also able to satisfy well the requirement of adequate
channel dimensions transverse to the direction of liquid flow
without involving large volumes of the liguid. In comparing
tubular and parallel plate channels from this viewpolnt it is
found that, for equal wall perimeters and equal liquid cross
sectional areas in the two geometries, the diameter of a tube is

twice as large as the spacing between parallel plates.

From the viewpoint of uniform distributions of the liquid and
gas, the geometries of figures 3 and 2 are believed to be suitable

for the following reasons:

The multi-pass arrangement of the liquid circuit results in large
values of channel length-to-diameter ratio and substantial pressure
drops at moderate liquid velocities. Because of the substantial
flow resistance of the channels, liquid in the header plenum

tends to distribute itself uniformly at the entrance to the tubés.
Thereafter, the guidance provided by the U-bends prevents either
"piled up" or "dead water" regions at stations where the liquid
reverses its flow direction, so that uniform distribution con-

tinues all along the liquid path.

In the case of the gas, the near-counterflow temperature pattern
achieved with a multi-pass liguid circuit precludes substantial
density variations from one gas filament to the next; hence, gas
maldistribution due to density variations may be expected to be

non-serious. In addition, because the friction factors are high

14
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in flow across finned tubes, it 1s necessary to use moderate gas
velocities in order to maintain reasonable pressure drops.
Accordingly, fairly small deviations in local velocity result in
relatively large devlations in dynamic head and in local resistance
to flow. If the design pressure drop is a significant fraction of
the entrance pressure, the relatively large response of local

flow resistance to non-uniformities in velocity would tend to keep

the gas distribution nearly uniform.

The finned tube configurations in figures 2 and 3 are also satis-
factory from the viewpoint of high performance heat transfer, with
attendant low weight and volume; for,

(1) High heat transfer coefficients are obtained with the
types of boundary layer structure that occur during flow across
tubes and along discontinuous fins.

(2) A large amount of thin fin surface can be bonded with
good quality control to the outer surface of a tube.

(3) The use of a multi-pass liquid circuilt permits a close
thermal approach to pure counterflow and makes possible the attain-

ment of high heat exchanger effectivenesses with reasonable weight.

Geo T

The geometric variables that require exploration in the finned tube
configuration may be inferred from figures 2 and 3. The variables
are: the tube outside diameter, the ratio of tube i.d. to tube o.d.

(which, together with the tube outer diameter, measures the tube

15



inside diameter and wall thickness), the ratio of fih o.d. to fin
i.d., the fin thickness, the number of fins per inch, and the axial

and transverse spacings of the tubes.

Each of the foregoing variables can have large effects on the size,
welght or reliability of the heat exchanger. In the present study
the effects of four of the variables will be discussed on the basis
of numerical data. These variables will be the tube diameter, the
ratio of fin o.d. to fin i.d., the fin thickness and the number of
fins per inch. The remaining three varisbles-- the ratio of tube
i.d. to tube o.d., and the axlal and transverse spacings of the

tubes -~ will be discussed qualitatively.

A parameter whose significance is both geometric and thermal is the
number of liquid passes in cross-counterflow (figure 3). For the high
cooling effectivenesses of interest in the present study, the number
of liquid passes is a very important parameter. Unless a sufficient
number of passes 1s used, the fluid temperature fields may make it
impossible to attain a desired cooling effectiveness even if high
heat transfer coefficients and a large amount of heat transfer surface
are made available (Ref. 7). Through its effect on the fluid temper-
ature patterns, the number of liquid passes has a direct effect on
the heat exchanger size and weight. In addition, the number of psasses
affects the weight of the return bends and their contained 1liquid,
and affects also the length and number of tubes, as well as the
no-flow dimension of the heat exchanger face (figure 3). Numerical

results will be presented for 6- and 8-pass arrangements,

16



which are adequate and not far from optimum for the gas coolers

of the present study.

The materials of which the fins and tubes are composed, as well
as the composition of the coolant, are additional important gas
cooler parameters. Table I shows that the temperature level of
the gas changes sufficiently from one cycle to another so that
changes in tube, fin and cooclant composition are possible and
desirable in goling from one cycle to the next. Lightweight
aluminum tubes and fins, and water as coolant, are of interest
at the temperatures involved in the gas cooler of the 10 KW
system; heavier, higher temperature tube materials, copper fins,
and a liould metal coolant may be required in the gas cooler of
the 1000 KW system. The choice of materials for the tubes, fins
and coolant will affect significantly the weight, size, shape

and reliability of the gas coolers.

OUTLINE OF CALCULATION PROCEDURE

Heat exchangers are governed by the laws of conservation of
momentum, energy and mass. Momentum conservation is expressed
by pressure drop equationsj energy conservation by heat balance
equations or by equivalent thermal resistance equations; and mass
conservation by continuity equations. The main sequence in which

such relations are used in the present study 1is as follows:

Gas pressure drop: The pressure drop requirement of the gas

(Table 1) is satisfied first. This step ylelds the following

17



information:

(a) Gas flow area and gas face area

(b) Number of banks of tubes

(¢) Total heat transfer surface in gas channel, total
heat transfer surface in coolant channel, and total
tube wall area across which heat flows by conduction

(d) Heat transfer coefficient of the gas

(e) Thermal resistance of the gas

(f) Thermal resistance of the tube walls

Liguid thermal resistance: The required thermal resistance of
the liquid is then found from the following equation,

(Required thermal resistance of 1iquid coolant) =

T%f - (gas thermal resistance + wall thermal resistance)
in which 1/UA is the pre-calculated total thermal resistance
associated with a desired combination of cooling effectiveness
and gas-to-coolant (mcp)—ratio. The 1iquid thermal resistance,
together with the known heat transfer surface in the coolant
channel (item (c¢) above), determines the required heat transfer
coefficient of the coolant. The associated coolant velocity is
then determined from the formula for the coolant heat transfer

coefficient.

Liguid continuity equation: The coolant flow area required to

yield the known coolant velocity (see last sentence of preceding

18



paragraph) is then computed with the one-dimensional liquid
continuity equation. This yields the number of tubes per pass,
the no-flow dimension of the gas cooler and, in conjunction with
the known gas face area (item (a) under Gas Pressure Drop),

yields the length of the tubes.

The coolant pressure drop, the total number of tubes and the heat
exchanger weight are then calculated with the information avail-

able from the foregoing steps.

The foregoing represents the main thread of the calculation
sequence, and may help to make clear the ways in which the various
items defined in Appendix A and discussed in detail in Appendix B
fit into the total computational procedure.

RESULTS AND DISCUSSION

The discussion of numerical results is divided into sections as

follows:

Under the two headings, "Effects of Geometric Parameters" and
"Effects of Thermal, Coolant and Materials Parameters", significant
design variables are identified and are discussed in terms of their
effects on heat exchanger weight, volume, component dimensions and
number of tubes. Conclusions thought to be useful for design in
the present application are formulated. After the discussion of
each parameter, the value (or range of values) assigned to that

parameter in the present study 1is iIndicated.

19




Under the heading "Parametric Data", the results of systematic
calculations of heat exchanger sizes and weights are presented

for the four Brayton cycle power levels identified in Table 1.

Under the heading "Liquid Temperatures And Radiating Potentials",
the coolant temperatures at entrance to and exit from the heat
exchangers of item 2 above are indicated and are discussed in
relation to the radiating potential of the space radiator.
I1lustrative heat exchanger data are then tabulated at operating

conditions for which the radiating potentials appear attractive.

Effects of Geometric Parameters

Geometric parameters can produce large effects on the weight and
other characteristics of externally finned tubular heat exchangers.
The following seven parameters are of interest (see figure 2): the
number of fins per inch, fin diameter ratio (o.d./i.d.), fin
thickness, tube diameter, tube diameter ratio (i.d./o.d.), tube
spacing perpendicular to, and tube spacing parallel to, the gas
flow direction.* In the following paragraphs the effects of the
first four of the seven parameters are discussed in terms of
computed heat exchanger weights, dimensions and numbers of tubes.

* The number of coolant passes, which is both geometric and thermal
in nature, is also of interest. This parameter will be discussed
under the heading "Effects of Thermal, Materials and Coolant

Parameters®.

20



The effects of tube diameter ratio and of tube spacings are
discussed in other terms that convey information concerning the
numerical results presented herein and that are thought to be

useful for purposes of design.

Effect of pumber of fins per inch: The addition of fins on the

external surfaces of the tubes can greatly augment the heat

transfer surfaces available to the gas, with substantial attendant

benefits. The effects of increases in the number of fins per

linear inch of tube length are shown in figure 4.

Figure 4 presents properties of heat exchangers computed for the
1000 KW cycle defined in Table I. The values in figure 4 are
based on the following assumptions (see also Table I): Copper
fins of .,005 inch thickness on steel tubes of 3/16 inch o.d.,
fin o.d.-to-1.d. ratio ecual to 1.8; argon gas, NaK coolant,

a NaK pressure drop of 30 psi in 8-pass cross-counterflow,

(me,) /(mcp) and heat exchanger cooling effectiveness

P gas
both equal to 0.90.

coolant

Illustrative values from figure 4 are shown in Table 2. Figure 4
and Table 2 show that an increase in the number of fins per inch
from 10 to 30 produces marked (50 percent or larger) decreases in
the weight, volume, tube length and axial length, and a worth-
while decrease in the number of tubes of the heat exchanger core.
As the number of fins per inch increases from 10 to 30, the
frontal area increases by less than 2 percent. The no-flow

dimension is the only property that increases substantially

21



Table 2. Effect of Number of Fins per Inch

No. of fins per inch 10 30 40
Wt. of wet core plus return bends (1b) 692 387 342
Core volume (ft3) - 5.78 2.69 2.18
Core frontal area (ft2) 2.64 2.69 2.73
Tube length (ft) 2.7 1.63 1.38
No-flow length (ft) 0.96 1.65 1.98
Axial length (ft) 2.19 0.998 0.799
No. of tubes 2900 2305 2160

(by a factor of about 1.7), and in this instance an increase is
desirable until the no-flow length and the tube length are equal
or nearly equal to each other. For the heat exchangers of figure
4 and Table 2, equality between the tube length and no-flow length

occurs at about 30 fins per inch.

Figure 4 shows that as the number of fins per inch increases from
30 to 40, all heat exchanger properties continue to vary in the
directions already noted, but the rates of change are smaller
than when the number of fins per inch increases from 10 to 20,

or from 20 to 30. Notwithstanding the decreased rates of change,
the values in figure 4 and in Table 2 show that the additional
benefits from increasing the number of fins per ineh from 30 to
40 are not negligible; the core volume, in particular, decreases
about 19 percent as the number of fins per inch increases from

30 to 40.
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The foregoing values show that in the present application, a

large number of fins per inch is very beneficial. Unless adverse
heat transfer and friction coefficient variations arise to nullify
the gains from increases in the number of fins per inch, or unless
fabrication problems become prohibitive, 40 fins per inéh could be
Justified from the viewpoint of core volume, and at least 30 fins
per inch could be justified from the viewpoints of core weight,
core component dimensions and number of tubes at the conditions

underlying figure 4.

In the bulk of the calculations of the present study, the number

of fins per inch was set at 30.

BEff f a T I /1. : For prescribed tube
outside diameter, the ratio of fin o.d. to fin i.d. defines the
amount of exposed surface per fin and provides information on
two of the factors (fin height and fin diameter ratio) that
control the value of the fin effectiveness (Ref. 8). A rational

selection of the fin diameter ratic is very desirable.

Figure 5 presents the effects of fin diameter ratio on heat
exchanger weight and volume, frontal area, component dimensions
and number of tubes. The values in figure 5 are for heat
exchangers of the 1000 KW cycle defined in Table I, with the
following additional specifications: Copper fins of .005 inch
thickness, 30 fins per inch on steel tubes of 3/16 inch o.d.;
argon gas, NaK coolant, a NaK pressure drop of 30 psi in 8-vass

cross-counterflow, (mcp)gas/(mcp)coolant and heat exchanger
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cooling effectiveness both equal to 0.90.

Figure 5 shows that as the ratio of fin o.d.-to-fin 1.d. increases
from a sufficiently low starting value, the following effects occur:
The weight goes through a minimum; the volume increases steadily; the
frontal area and the tube length both decreasej; the axial length
increases. Careful examination of figure 5 discloses that the

no-flow dimension goes through a very shallow minimum (see Table 3,
below) and then increases very slowly, the net change being small
throughout the whole range of fin o.d.-to-i.d. ratios in the figure.
Figure 5 also shows that as the ratio of fin o.d.-to-i.d. increases,

the number of tubes decreases steadily.

Values 1llustrating the changes described in the preceding paragraph

are shown in Table 3.

b . BEff f F ameter R
Ratio of fin o.d. to fin i.d. 1.4 1.8 2.0
Wt. of wet core plus return bends (1b) 539 387 409
Core volume (ft3) 2.58 2.69 2.97
Core frontal area (ft2) 3.84  2.69 2.52
Tube length (ft) 2.26 1.63 1.48
No-flow length (ft) 1.70 1.65 1.70
Axial length (ft) 0.672 0.998 1.18
No. of tubes 2655 2305 2285
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As stated above, there exists a fin diameter ratio at which
the core weight is a minimum. For the conditions underlying
figure 5 and Table 3, the fin o.d.-to-i.d. ratio at which the
minimum weight occurs is 1.8. Figure 5 shows no significant
incentive to operate at a fin diameter ratio even moderately
lower than 1.8; figure 5 and Table 3 do, however, show sub-
stantial penalties if a diameter ratio significantly lower
than 1.8 is used. For example, if an o.d.-to-i.d. ratio of
1.4 were used, there would be a weight penalty of nearly 40
percent and a frontal area penalty exceeding 40 percent, as
well as significant increases in the tube length and number of
tubes, in comparison with the values at a fin diameter ratio

of 1.8.

On the other hand, figure 5 and Table 3 show that fin o.d.-to-
i.d. ratios somewhat higher than the weight-optimum value can
be used to obtain slight reductions in frontal area, tube
length and number of tubes, with only moderate penalties in

core weight and volume.

The value of fin o.d.-to-i.d. ratio at which the lowest heat
exchanger weight occurs is not a universal constant. It changes
with the material and thickness of the fin, with the diameter

of the tube, and with operating conditions in both gas and
coolant channels. A determination of the optimum fin diameter
ratio at each new combination of working conditions is normélly

desirable.
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In the present study the fin o.d.-to-i.d. ratio was kept constant
at 2.0 in the bulk of the calculations. This value, which is
moderately higher than the optimum one at the conditions underlying
figure 5, was chosen to allow for potentially significant decreases
in gas heat transfer coefficient at operating conditions less
favorable than those of figure 5, and to facilitate fabrication

of return bends in the event that close-return radii acquired
interest at any station in the heat exchanger. As previously
indicated, the use of fin diameter ratios moderately higher than
the welght-minimum value involves modest penalties in core weight
and volume and leads to small decreases 1n heat exchanger frontal

area, tube length and number of tubes.

Effect of fin thickness: From the viewpoint of fabrication and
handling, as well as from the viewpoint of the fin's ability to

conduct heat, an increase in fin thickness 1is of interest. The
fin thickness underlying figures 4 and 5 and Tables 2 and 3 is
.005 inch. The effects of increasing the fin thickness from .005
to .010 inch at operating conditions of interest in the present

study are shown in Table 4.

The heat exchangers in Table 4 are for the 1000 KW cycle identi-
fied in Table 1, with the following additional specifications:
Copper fins, 30 fins per inch, fin o.d.-to-i.d. ratio equal to
2.0, on steel tubes of 3/16 inch o.d.; argon gas, NaK coolant,
a NaK pressure drop of 30 psi in 8-pass cross-counterflow, and

a ratio of gas-to-coolant heat capacity rates equal to 0.90.
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For Table 4 the heat exchanger cooling effectiveness is 0.925.

Table 4. Effect of Fin Thickness
Fin thickness (inch) .005
Wt. of wet core plus return bends (1b) sh5
Core volume (ft3) 3.88
Core frontal area (ft2) 2.77
Tube length (ft) 1.82
No-flow length (ft) 1.52
Axial length 1.40
No. of tubes 2450

Table 4 shows that as the fin thickness is doubled from .005 to

.010
711

3.10
2.65
1.54
1.72
1.17
2290

.010, the weight of the core plus return bends increases by 30

percent. All other ocuantities in the table improve as the fin

thickness increases: Primarily because of the decrease in axial

dimension, the core volume decreases by 20 percent. In addition,

the tube length decreases by 15 percent, the number of tubes

decreases by 8 percent and the frontal area decreases by 4 percent.

The no-flow dimension increases, and the net effect of the simul-

taneous increase in no-flow length and decrease in tube length is

a slight improvement in aspect ratio of the gas channel cross

section.

Table 4 shows that if reductions in core volume and tube length,
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and small reductions in the number of tubes, are more important
than increases in weight, then increases in fin thickness are
Justified. If weight is the item of primary concern, then

reductions in fin thickness are justified.*

In the majority of the calculations of the present study the fin
thickness was set at .005 inch. In two famllies of heat exchangers
for the 1000 KW cycle, results were generated at fin thicknesses

of both .005% and ,010 inch.

Effect of tube digmeter: An increase in tube diameter results in

a decrease in the reguired number of tubes, a decrease in the

number of brazed or welded Jjoints at which leakage might occur,

and an increase in ease of fabrication. It is therefore of interest
to determine the effects of increased tube diameter on heat
exchanger size and weight. The effects of increasing tube diameter

in the range between 0.15 and 0.25 inch are shown in figure 6.

The heat exchangers in figure 6 are for the 1000 KW cycle defined

in Table I, with the following additional specifications: Steel

* Because the conducting efficiency of the fins decreases as the
fin becomes thinner, the core welght does not decrease contin-
ually as the fin thickness decreases; the core weight reaches a
minimum and then increases again. The fin thickness for minimum
core weight depends on the fin material, tube diameter and other
factors. In the heat exchangers of the present study the weight-

optimum fin thickness is preobably less than .005 inch.
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tubes, copper fins, 30 fins per inch, fin o.d.-to-i.d. ratio
equal to 2.0, fin thickness .005 inchj argon gas, NaK coolant,
a NaK pressure drop of 30 psi in 8-pass cross-counterflow,
(me,,) /(mcp)

equal to 0.90 and a heat exchanger cooling

P gas coolant

effectiveness equal to 0.925. In all heat exchangers of figure

6, the tube i.d.-to-tube o.d. ratio is 0.85.

Figure 6 shows that increases in tube diameter result in undesir-
able increases in the weight, volume, tube length and axial
length of the heat exchanger core. The frontal area changes
slowly.* The no-flow length decreases substantially. One factor
that improves markedly is the number of tubes, which decreases
strongly as the tube diameter increases. Illustrative values

from figure 6 are shown in Table 5a.

Eff f Tube Diameter KW System

Tube outside diameter (inch) .150 .1875 .250
Wt. of wet core plus return bends (1b) 463 545 705
Core volume (ft3) 3.21 3.88 5.00
Core frontal area (ft2) (2.70)*  (2.77)* (2.81)%
Tube length (ft) 1.47 1.82 2.36
No-flow length (ft) 1.84 1.52 1.19
Axial length (ft) 1.19 1.40 1.78
Number of tubes 3910 2450 1345

—— e - D ——————— —E —> " —— " . - - A - - A S S S e T S . e M e - e = . . . = =

* See text below for discussion of these values.



The tabulated values show that at the conditions underlying

Table 5a, the 67 percent increase in tube diameter from 0.15 to
0.25 inch o.d. results in increases of 50 percent or more in the
welght, volume, tube length and axial length of the heat exchanger
core. The no-flow dimension decreases about 35 percent. The
frontal area changes very little. Table 5a shows that as the

tube o.d. increases from 0.1% to 0.25 inch, the single large

improvement is the 66 percent reduction in the number of tubes.

In Table 5a the values listed for the core frontal areas are
enclosed in parentheses to indicate that an uncertainty of

several (perhaps 5 to 10) percent exists in these values. Under-
lying the data in Table 5a are the specifications that as the

tube diameter increases, the fin o.d.-to-i.d. ratio and the number
of fins per inch remain constant at the values 2.0 and 30,
respectively. Under these conditions the surface per unit gas
flow area increases as the tube diameter increases. The variation
in frontal area then depends on the relative rates of change of
the friction factor, the heat transfer coefficient and the
effective heat transfer surface. Because the change in the
frontal area is small (4% in Table 5a), small changes in the
relative rates of variation of the indicated factors could reverse
the direction of change of the frontal area. An example illus-
trating a reversal in the direction of frontal area variation is

shown in Table 5b.

The heat exchangers in Table 5b are for the 10 KW system defined

in Table 1, with the following additional specifications: Steel
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tubes, tube i.d.-to-tube o.d. ratio equal to 0.85, aluminum
fins, 30 fins per inch, fin o.d.-to-i.d. ratio equal to 2.0,
fin thickness .005 inchj; argon gas, NaK coolant, a NaK pressure
drop of 10 psi in 8-pass cross-counterflow, (ﬁcp)gas/(mcp)
equal to 1.0 and a heat exchanger cooling effectiveness equal to

0.95.

T £ D T
Tube outside diameter (inch) 0.125 0.1875
Wt. of wet core plus return bends (1b) 51.3 66.4
Core volume (ft3) 0.778 1.02
Core frontal area (ft?) (0.95) (0.91)
Transverse dimension (ft)* 0.85 1.17
No flow dimension (ft) 1.11 0.78
Axial length (ft) 0.825 1.11
Number of tubes 295 125

Table 5b shows a change of about 4 percent in core frontal area
as the tube o.d. increases from 0.125 to 0.1875 inch. The
direction of the frontal area change in Table 5b, however, is
opposite that in Table 5a. While the smallness of the change
tends perhaps to make its direction unimportant, clarification

of the casue of the apparent reversal in the behavior of the
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coolant

* With folded tubes. The transverse dimension is about 1/8th of the

tube length.
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frontal area appears desirable., Satisfactory resolution of this
matter would require precise correlations of friction data and
heat transfer data over the entire range of Reynolds numbers of

interest, as well as additional calculations.

Table S5b shows the same kinds and magnitudes of effects of tube
diameter as does Table 5a insofar as core weight, volume,
component dimensions and number of tubes are concerned. Both
parts of Table 5 show substantial incentives to use the smallest
practical tube diameter. In discussing high performance gas-to-
liquid heat exchangers buillt of tubes with plate-type outer fins,
Reference 6 recommends that the smallest practical tube diameter

be employed. In Reference 6 a tube of 1/8 inch o.d. is used.

In the bulk of the calculations of the present study a tube of
3/16 inch o.d. was used as a compromise among considerations of
size and weight, number of tubes and plugging by mass deposits.
In two families of heat exchangers for the 1000 KW cycle, results
were generated at tube diameters of both 3/16 and 1/4% inch. If
plugging and large numbers of tubes are shown to be non-serious
factors in the present application, advantages 1in size and
welght would result from the use of tubes of 1/8 inch o.d. or

smaller.

ff u et i : For selected tube

outside diameter, the tube diameter ratio (i.d./o.d.) measures

both the thickness of the wall and the 1nside diameter of the

tube.
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From the viewpoint of minimizing tube wall weight, the tube wall
thickness should be as small as possible, consistent with limits
imposed by fabrication, strength and corrosion considerations.
Thus, for low tube wall weight, the i.d.-to-o0.d. ratio of the

tube should be as close to 1.0 as practical. If the tube o.4.

is small, an i.d.-to-o0.d., ratio close to 1.0 is also helpful in
keeping down the number of tubes required to maintain a reasonable

velocity of the in-tube fluid.

Items affected adversely as the tube i.d.-to-o0.d. ratio increases
towards 1.0 are the volume and the weight of the in-tube fluid.
These factors are significant if the in-tube fluid is hazardous

or has high density.

In the present study the i.d.-to-o0.d. ratio of the tubes was
maintained constant at 0.85. For the 3/16 and 1/% inch o.d.
tubes considered in the study, a diameter ratio of 0.85 implies
tube wall thicknesses of .0141 and .0188 inch, and tube i.d.'s

of .159 and .213 inch, respectively. It is noteworthy that

these values may be conservative: If an i.d4.-to-0.d. ratio of
0.89, (or tube wall thicknesses of .0103 and .0138 inch in the
3/16 and 1/% inch diameter tubes, respectively), were permissible
in the present application, the number of tubes could be reduced

by 9 percent, and the weights of the cores-and-return bends by
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15 percent, of the values cited herein. These percentage
reductions would apply equally to the 3/16 and 1/% inch o.d.

tube assemblies.

The numerical values in the preceding paragraph and the foregoing
comments indicate that the tube diameter ratio is a significant
parameter. They also indicate that the heat exchanger weights

herein may be conservative. In a final design point study for
the present application, the tube i.d.-to-o.d4. ratio should be
as close to 1.0 as possible, consistent with fabrication, strength

and corrosion limitations.

Effect of transverse and axial tube spacings: For fixed dimensions
of the tubes and fins, the tube spacings affect the volume and
welght of the heat exchanger core, and the size and weight of

the enclosing shell and support structure. In the present applica-

tion, small volumes and low weights are desired.

One measure of the potential compactness of a heat transfer
geometry is the number of square feet of heat transfer surface
contained per cubic ft of free space in the gas chamnel (Ref. 9).
For fixed dimensions of tubes and fins in the externally finned
tubular geometry, the heat transfer surface per unit gas volume
increases as the tubes move closer together. Barring overlap or

meshing of the fins of neighboring tubes, the maximum surface
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per unit gas volume 1s obtalned if the tubes are arranged on a
triangular pitch (figure 2) and are so spaced that the fins of
adjacent tubes Jjust touch each other. Wider spacing of the
tubes in directions either pérpendicular or parallel to the
direction of gas flow reduces the surface per unit volume and

tends to make the heat exchanger less compact.

In the present study the tubes were assumed to be arranged in an
eguilateral triangular array in which the sides of the triangle
were 1.01 times the o.d. of the fins (after allowance for fin
thermal expansion). For the 3/16 inch o.d4. tube, fin o.d.-to-i.d.
ratio of 2.0 and 30 fins per 1inch at which the bulk of the calcu-
lations herein were performed, such a triangular tube array
involves about 700 ft2 of gas side heat transfer surface per

cubic foot of free gas space. At 40 fins per inch, the specific
surface increases to about 900 ft2/ft3. For transverse or axial
tube spacings larger than those leading to nearly touching fins,

the gas heat transfer surface per unit gas volume would be lower

than 700 to 900 ft2/ft3, and the associated heat exchanger
assemblies would probably be larger and heavier than those

reported herein.
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Thermal, Coolant and Materlals Parameters

The following six parameters are discussed in the present section:

the heat exchanger cooling effectiveness, 7Zcooling; the ratio of

gas-to-coolant heat capacity rates, (mc.) /(mcp) the

P’ gas coolant;

number of coolant passes in cross-counterflow; the coolant pressure
drop; the coolant composition; and the materials of the tubes and
fins. These parameters are discussed in terms of their effects

on the heat exchanger weight, dimensions and number of tubes.

Effect of heat exchanger cooling effectiveness ( ;7cooling)’ In

the present study an increase in the heat exchanger cooling
effectiveness implies an increase in the temperature of the liquid
at entrance to the heat exchanger; and this in turn implies an
improvement in radiating ability at the low temperature end of the

radiator. The effects of increases in a@ooling on the heat

exchanger size, weight and number of tubes are therefore of

interest; such effects are shown in figure 7.

The values in figure 7 are for heat exchangers of the 1000 KW
cycle defined in Table I, with the following additional specific-
ations: Steel tubes of 3/16 inch o.d., tube i.d.-to-o.d. ratio
eocual to 0.85, copper fins of .005 inch thickness, 30 fins per
inch, fin o.d.-to-i.d. ratio equal to 2.0; argon gas, NaK coolant,
a NaK pressure drop of 30 psi in 8-pass cross-counterflow, with

(me,.) /(me )
p

p’ gas equal to 0.90.

coolant
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Figure 7 shows that as the heat exchanger cooling effectiveness
increases, the only quantity that decreases is the no-flow
dimension. All other guantities in figure 7 increase, and with
increasing steepness, as the cooling effectiveness increases.

Table 6 presents illustrative values from figure 7.

)

cooling

Table 6. Effect of Heat Exchanger Cooling Effectiveness (77

" coo1ing 0.90  0.925 0.950
Wt. of wet core plus return bends (1b) 409 545 832
Core volume (ft3) 2.97 3.88 5.78
Core frontal area (ft2) 2.52  2.77  3.16
Tube length (ft) 1.48 1.82 2.34
No-flow length (ft) 1.70 1.52 1.35
Axial length (ft) 1.18 1.40 1.83
Number of tubes 2285 2450 2830

Table 6 shows that when the cooling effectiveness 1s as high as
0.9, even small increases in the effectiveness involve large
changes in the weight and size of the heat exchanger. An increase
in 7Zcooling from 0.90 to 0.95 essentially doubles the weight and
volume of the heat exchanger; increases the tube length and axial
dimension by more than 50 percentj; and produces changes of more

than 20 percent in frontal area, no-flow length and number of tubes

of the heat exchanger assembly.

37



As stated above and indicated in figure 7, the values cited in
the foregoing paragraph correspond to a gas-to-coolant (mcp)-
ratio of 0.9;_ The increases in heat exchanger size and weight
with increases in cooling effectiveness are larger than the
above-cited values when the gas-to-coolant (mcp)—ratio exceeds

0.90.

Because of the rapid increase in weight and dimensions of the

gas cooler with increases in in the range of interest,

cooling
a final choice of cooling effectiveness might require a size and
welght trade-off analysis between the gas cooler and the radiator
or other component of the system. In the present study, heat
exchangers with cooling effectivenesses of 0.90, 0.925 and 0.95
were computed for the 1000 KW cycle; heat exchangers with effec-
tivenesses of 0.925 and 0.95 were computed for the 500 and 100
KW cycles; and heat exchangers with an effectiveness of 0.95

were computed for the 10 KW cycle, for both NaK and water as

coolants.

Effect of gas-to-coolant gmcpl—rapig: For fixed gas conditions

as in Table I, and for fixed cooling effectiveness, an increase

in the ratio (mc.) /(mcp) implies an increase in the

p’gas
coolant temperature at exit from the heat exchanger; and this

coolant

implies an increase in radiating ability at the hot end of the
radiator. The effects of increases in the gas-to-coolant
mcp—ratio are therefore of interest. Such effects are shown in

figure 8.
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The values in figure 8 are for heat exchangers of the 1000 KW cycle
defined in Table 1, with the following additional specifications:
Steel tubes of 3/16 inch o.d., tube 1.d.-to-o.d. ratio equal to 0.85,
copper fins of .765 inch thickness, 30 fins per inch, fin o.d.-to-i.d.
ratio equal to 2.0; argon gas, NaK coolant, a NaK pressure drop of

30 psi in 8-pass cross-counterflow, and a cooling effectiveness

equal to 0.90.

Figure 8 shows that as (mep) . /(mep)

no-flow dlmension decreases. The remailning size parameters and the

t lncreases, only the

gas coolan

weight increase. Illustrative values from figure 8 are shown in Table 7.

Table 7. Effect of (ﬁcp)gasf(ﬁcp)coolant

(mep) gy s/(mep) coo1ant .90 .95 1.0

Wt. of wet core plus return bends (1b) 409 508 633

Core volume (ft3) 2.97 3.63 k4,62
Core frontal area (ft2) 2.52 2,71 2.94
Tube length (ft) 1.48 1.76 2.13
No-flow length (ft) 1,70 1.54% 1.38
Axial length (ft) 1.18 1.34% 1.57
Number of tubes 2285 2345 2440

The increments in the tabulated values are larger when the gas-to-
coolant (ﬁcp)-ratio increases from .95 to 1.0 than they are when the
(mcp)-ratio increases from .90 to .95. Thus, even in 8-pass flow at a
cooling effectiveness as non-extreme as .90, the dependence of the

heat exchanger properties on (hcp)gas/(ﬁcp)coolant is non-linear.*

* The no-flow dimension is an exception in Table 73; the no-flow length
decreases linearly as the (mecp)- ratio increases from .90 to 1.0.
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Table 7 shows that for the relatively non-severe requirement of
0.90 cooling effectiveness in 8-pass cross-counterflow, an

ne
/(m p)

than 50 percent increases in the weight and volume of the tube

increase in (ﬁcp) from 0.90 to 1.0 incurs more

gas coolant

assembly. The tube length increases more than 40 percent and
the dimensioﬁ in the axial (gas flow) direction increases more
than 30 percent. Because the no-flow dimension decreases, the
increase in frontal area is moderate (about 17 percent) even
though the tube length increases more than 40 percent. The
number of tubes does not increase very much (somewhat less than
7 percent) as the gas-to-coolant (mcp)—ratio increases from

0.90 to 1.0.

The values enumerated in the preceding paragraph apply when the
cooling effectiveness is 0.90. At higher values of the cooling
effectiveness, the effects of increases in the gas-to-coolant
(mcp)-ratio are substantially larger than those indicated above,
as will be seen from the later-presented results of the parametric

calculations.

Because of the substantial increases in size and weight of the

gas cooler with increases in (mcp)

gas/(mcp)coolant in the range

of interest, choice of a final value of this ratio might reauire
a size and weight trade-off between the gas-cooler and radiator
or other component of the system. In the present study, gas-to-

coolant (mcp)-ratios of 0.90, 0.95 and 1.00 were evaluated at
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every set of operating conditions explored.

Effect of number of coolant passes in cross-counterflow: As the

number of coolant passes in figure 3 increases, the temperature
pattern in the heat exchanger approaches more closely the temp-
erature pattern that exists in pure counterflow. Accdrdingly,

the overall specific conductance, UA/(ﬁcp)gaS, required to attain

a pre-assigned cooling effectiveness decreases, and the size and the
weight of the active heat exchanger core decrease. Importantly,
cooling effectivenesses that might otherwise not be feasible become
attainable. The effects of 1lncreases in the number of coolant
passes on other exchanger characteristics are therefore of interest.

A 1ist of such effects is presented in Table 8.

The values in Table 8 are for heat exchangers of the 1000 KW system
defined in Table I, with the following additional specifications:
Steel tubes of 3/16 inch o.d., tube i.d.-to-0.d. ratio equal to
0.85, copper fins of .005 inch thickness, 30 fins per inch, fin
o.d.-to-i.d. ratio equal to 2.0; argon gas, NaK coolant, a Nak
pressure drop of 30 psi in both 6-and 8-pass flows, and a heat

exchanger cooling effectiveness of 0.95.

Table 8 shows that for fixed cooling effectiveness and fixed
(mcp)gas/(mcp)coolant’ an increase in the number of passes results
in decreases in the weight, volume and frontal area of the active
core, as well as 1in the tube length and core axial length. As

the number of coolant passes increases, however, the no-flow
dimension, the number of tubes and the weight of the return bends

also increase.
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Table 8. Effect of Number of Coolant Passe

Number of coolant passes 6 8 6 8
(rhcp)gas/(rhcp)coOlant 0.90 0.90 1.0 1.0
Wt. of wet core (1b) 645 578 1880 1535
Wt. of wet return bends (1b) 190 254 498 568

Wt. of wet core plus return bends (1b) 835 832 2378 2103

Core volume (ft3) 6.44 5.78 18.6 15.5
Core frontal area (ft2) 3.2 3,16 L4.76 L4.52
Tube length (ft) 3.48 2.34 7.43 504
No-flow length (ft) 0.93 1.35 0.6 0.90
Axial length (ft) 1.99 1.83 3.91 3.45
No. of tubes 2110 2830 2795 3525

In the heat exchanger configuration in figure 3, the return bends
serve the same function as would headers located between successive
passes.* The relatively large weight fraction contributed by
headers in compact heat exchangers is well known. In the same

way, the large contribution of the return bends to the weight of
the tube assembly in the 1000 KW system may be noted. 1In 6-pass
coolant flow at a pressure drop of 30 psi as in Table 8, the return
bends contribute slightly more than 20 percent of the weight, and
in 8-pass flow at a pressure drop of 30 psi the return bends
contribute roughly 30 percent of the weight, of the tube assembly.
The fact that the weight of the return bends is substantial, and
goes up as the number of coolant passes goes up, imposes a limit

on the number of passes that can profitably be employed in the
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* Heat transfer across the return bend surfaces is ignored herein.
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heat exchangers of the 1000 KW system.

The upper 1limlt on the profitable number of coolant passes depends
on the cooling effectiveness, the gas-to-coolant (mcp)-ratio, the
allowable coolant pressure drop and the comparative importances of
welght and size in the application of interest. If either the
cooling effectiveness or gas-to-coolant (mcp)—ratio increases, the
weight-optimum number of coolant passes increases. Thus, Table 8
shows that at (me,)., /(hey)  o1ant equal to 0.9, there is no
incentive to use more than 6 or 7 coolant passes insofar as the
combined weight of the core and return bends is concerned; but
when the (ﬁcp)—ratio increases to 1.0, there is a 12 percent
reduction in weight and a 16 percent reduction in volume as the
number of coolant passes increases from 6 to 8; for an (mcp)—ratio

of 1.0, more than 8 passes might be profitaﬁle.

The data in Table 8 for an (mcp)—ratio of 0.9 also show that if
small volume and short tubes are more important than weight, and
if an increase in the number of tubes is tolerable, there is a
moderate incentive to increase the number of coolant passes beyond
the core-plus-return bend weight-optimum value. It 1s noteworthy
that when the volume decreases, a reduction in weight is obtained

through the decrease in shell size.

The optimum number of coolant passes also depends on the allowable
coolant pressure drop. It will be seen from later-presented data
that when the allowable Ap of the coolant decreases, the weight-

optimum number of coolant passes may decrease, depending on the
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values of cooling effectiveness and gas-to-coolant (ﬁcp)—ratio

to which the heat exchanger is to be designed.

The foregoling discussion indicates that for high performance
cross-counterflow heat exchangers, there exists an optimum number
of coolant passes. The existence of such an optimum arises from
the fact that the number of passes affects not only the size and
weight of the active core, but also the weight of the return

bends (or intermediate headers), which may contribute substantially
to the total heat exchanger weight. Within limits imposed by
fabrication, use of the optimum number of coolant passes is
desirable in high performance applications. In the present study,
both 6-and 8-pass heat exchangers were computed at every set of

operating conditions investigated.

Effect of coolant pressure drop: A lower bound on coolant pressure

drop is set by the requirement of reasonably efficient pump
operation. Increases in pressure drop beyond the pump-determined
lower bound involve increases in pumping power and may give rise
to weight increases in order to remain within allowable stress
limits. The effects of increases in coolant pressure drop on the
heat exchanger characteristics are therefore of interest. Such

effects are shown in figure 9.

The values in figure 9 are for heat exchangers of the 1000 KW
system defined in Table 1, with the following additional specific-
ations: Steel tubes of 3/16 inch o.d., tube i.d.-to-o.d. ratio

equal to 0.85, copper fins of .005 inch thickness, 30 fins per
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inch, fin o.d.-to-i.d. ratic equal to 2.0; argon gas, NaK coolant,
a gas-to-coolant (mcp)-ratio of 0.90 and a heat exchanger cooling
effectiveness of 0.95. Both 6-and 8-pass heat exchangers are

presented in figure 9.

Figure 9 shows that as the coolant pressure drop increases from
5 psi toward higher values, the axial length of the core remains
nearly constant, signifying that the axial number of banks of
tubes changes slowly with increases in coolant pressure drop.
The no-flow dimension, however, decreases substantially, and the
tube length increases substantially. The total number of tubes
decreases strongly. In the pressure drop range from 5 to about
25 psi, the drop in the number of tubes is particularly steep.
Beyond a Ap of about 25 psi the rate of decrease in the number

of tubes is less pronounced, but remains non-negligible even at

pressure drops as high as 75 to 100 psi. The fact that the number

of tubes responds significantly to the coolant pressure drop is

of interest from the viewpoint of the heat exchanger weight.

The effect of coolant pressure drop on the heat exchanger weight
may be discussed in terms of the effects of coolant Ap on the
weight of the wet core (which consists of the tubes, fins and
in-tube coolant) and on the weight of the wet return bends; (as
noted previously, the return bends contribute a substantial
fraction of the total weight of the tube assembly in the heat
exchangers of the 1000 KW system).

The weight of the wet core is directly proportional to the core

volume. Figure 9 shows that the core volume decreases aulte
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slowly as fhe coolant pressure drop increases from 5 to 100 psi;
hence the active core welght also decreases very slowly as the
coolant Ap increases. The main reason for this is that for the
heat exchangers of figure 9, the combined thermal resistance of
gas and tube walls comprises about 90 percent of the total thermal
resistance in the heat exchanger. Increases in coolant pressure
drop by means of increases in coolant velocity reduce the thermal
resistance of the coolant and raise the fractional resistance of
gas and tube walls from about 0.9 toward 1.0. The range from

0.9 to 1.0 is small from the outset, hence large volume changes
could not be expected. In addition, inasmuch as the heat transfer
coefficient of the gas remains nearly constant (cf. the near
constancy of the core frontal area in figure 9) then, at constant
heat load and constant fluid end temperatures, there is little
leeway for reduction in the amount of gas and tube wall heat
transfer surface, and hence little leeway for reduction in core
volume (to which the heat transfer surface is directly propor-
tional). Finally, the coolant pressure drop, which depends on
both coolant velocity and tube length, increases more rapidly

than the coolant thermal resistance decreases, so that only

modest changes in allowable gas-and-wall thermal resistance are
achievable before the coolant pressure drop becomes unattractively
~high. For these reasons the core volume and active core weight

are insensitive to coolant pressure drop.

The weight of the return bends, on the other hand, is governed by

the total number of tubes and by the bend lengths. For constant
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tube spacing and essentlally constant core axial length as noted
above, the lengths of the return bends are also essentially
constant. Hence the variation of the return bend weight with
increases in coolant pressure drop is governed by the variation
in the total number of tubes. Figure 9 shows that, like the

total number of tubes, the return bend weight decreases strongly
as the coolant pressure drop increases from 5 to about 25 psi,

and that for coolant pressure drops beyond about 25 psi the weight

of the return bends decreases more slowly.

The net effect of coolant pressure drop on the heat exchanger
weight is the sum of the effects on the core and return bend
weights. Figure 9 shows that as the cooclant pressure drop increases
from 5 to about 25 psi, the core-plus-return bend weight decreases
substantlially, and that for coolant pressure drops greater than
about 25 psi the core-plus-return bend weight decreases more slowly.
The discussion above indicates that this variation in assembled

tube weight is due primarily to the effect of coolant pressure drop

on the weight of the return bends.

Figure 9 also shows that at pressure drops below about 25 psi,
6-pass heat exchangers weigh slightly less than 8-pass heat
exchangers. The dependence of the weight-optimum number of passes
on coolant pressure drop was previously noted during discussion of
the effects of the number of coolant passes. The superiority of
the 6-pass over the 8-pass arrangement would increase if the
cooling effectiveness were lower than the 0.95 value that applies

in figure 9, or if the gas-to-coolant (mcp)—ratio were lower than
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0.9. On the other hand, at higher values of cooling effectiveness
or gas-to-coolant (mcp)—ratio, 8-pass flow would be markedly
superior to 6-pass flow, as will be seen from the curves of sys-
tematic parametric data presented later in the report. The effects

of coolant pressure drop are summarized in Table 9.

Tgble 9. Eff of Coolant Pressyre Dro

Coolant pressure drop (psi) 5 30 100

Wt. of wet core plus return bends (1b) 1079 832 732

Core volume (ft3) 5.90 5.78 5.62
Core frontal area (ft2) 3.18  3.16  3.11
Tube length (ft) l.22 2.34 3.69
No-flow length (ft) 2.61 1.35 0.84
Axial length (ft) 1.85 1.83 1.81
No. of tubes - 5580 2830 1735

The values in Table 9 are taken from figure 9 and correspond to
the 8-pass heat exchangers of that figure. Table 9 illustrates
the previously cited substantial decreases in the total number

of tubes, assembled tube weight and core no-flow dimensionj; the
substantial increase in tube length; and the near constancy of
the core axial length, frontal area and volume, with increases in
the coolant pressure drop. In the present study, heat exchanger
data are presented for coolant pressure drops from 5 to 100 psi

at every combination of parameters explored.
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Effect of coolant composition: When high performance liquids
like NaK, lithium and water are employed as coolants, roughly
90 to 97* percent of the thermal resistance is contributed by
the gas and tube walls even when the gas side of the tubes is
extensively finned with such high conductivity fin materials as
copper or aluminum. Inasmuch as the coolant contributes only
about 10 percent or less of the total thermal resistance, it

is of interest to inquire whether there is a large incentive to
use one high performance liquid in preference to another, or
whether it is not preferable simply to use the liquid that is
easiest to handle. This question may be discussed on the basis
of the data in Tables 10 through 12. Table 10 presents pertinent
fluid properties, and Tables 11 and 12 present computed heat

exchanger data for the coolants of interest.

The sources of the data in Table 10 are as follows: for Nak,
Reference 3; for lithium, References 10, 11, 12; for water,
Reference 4 ., The values in Table 10 correspond to the average
temperatures at which the heat exchangers discussed in the present
section were computed. Other values of the listed properties were

employed at other temperature levels.

Table 10 shows that the specific heat and thermal conductivity
of lithium are both significantly higher than those of NaK, and
that the density of lithium is roughly 60 percent that of NakK.

* The thermal resistance fraction attributable to the gas increases
when the fin material changes from copper to aluminum and also

when the coolant species changes.
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Table 10. Coolant Propertiesg*

Power

Cooling (meqw) Coolant c k
level effectiveness p-gas P A €
(mcp)coolant
(KW) (im_) Bty ) 1bp (ﬂ)
1b ©R hr ft2 OR/ft hr ft ft3
1000 0.95 0.90 NaK 0.210 15.0 0.488 48.5
Li 1.01 27.2 0.967 30,5
10 0.95 1.0 NaK 0.223 13.8 1.05 52.8
H50 1.10 0.397 0.456 58.9

* Sources of data: NaK, Ref. 33

Li, Ref's 10-12;

Hy0, Ref, & .



The table shows that NaK 1s very superior to water as regards
thermal conductivity, but that NaK has only one fifth the speéific
heat of water; the densities of NaK and water are nearly the same
at the conditions underlying Table 10. The influences of these
properties on heat exchangers involving the listed coolants are

reflected in Tables 11-13.

NaK and lithium: The heat exchangers in Table 11 are for
the 1000 KW system defined in Table 1, with the following additional
specifications: Tubes of 3/16 inch o.d. composed of steel in the
NaK heat exchanger and of Cb-1%Zr in the lithium heat exchanger,
tube i.d.-to-0.d. ratio equal to 0.85, copper fins of .005 inch
thickness, 30 fins per inch, fin o.d.-to-i.d. ratio equal to 2.0;
argon gas, NaK and lithium coolants, coolant pressure drop 30 psi
in 8-pass cross-counterflow; a cooling effectiveness of 0.95, with

(mcp)gas/(mcp)coolant equal to 0.90.

Table 11 shows that for equal temperature and pressure performances,
lithium yields a core-plus-return bend weight 28 percent lighter
than that yielded by NaK. This result is obtained even though the
density of the columbium alloy in the lithium heat exchanger is

536 lb/ft3 while the density of the steel in the NaK heat exchanger
was taken at 500 1b/ft3.

It is noteworthy that only a portion of the difference in weight
between the lithium and NaK heat exchangers is contributed by -the

active core, where the superior thermal conductivity and specific
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I Eff fc c N

Coolant NaK Lithium
Wt. of wet core (1b) 578 50k

Wt. of wet return bends (1b) 254 ok

Wt. of wet core plus return bends (1b) 832 598
Core volume (ft3) 5.78 5.10
Core frontal area (ft°) 3.16 3.00
Tube length (ft) 2.34 5.00

No flow length (ft) 1.35 0.60
Axial length (ft) 1.83 1.70
No. of tubes 2830 1165

heat of lithium lead to a heat transfer coefficient about twice
as large as that of the NaK. If the active core were the only
weight-contributing factor, then, by virtue of lithium's superior
thermal properties the lithium unit would be about 14 percent
lighter than the NaK unit, as shown by Table 1l1l. As has been
previously discussed, however, in multipass cross-counterflow
heat exchangers, the intermediate headers -- or, in the present
configuration, the return bends -- may also contribute signific-
antly to the weight. Table 11 shows that the return bend weight
in the lithium heat exchanger is about O.4 times the return bend
welght in the NaK heat exchanger. This is primarily due to the
smaller number of return bends in the lithium unit than in the

NaK unit. Table 11 shows that the lithium heat exchanger has
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only O.4 times as many tubes, and hence only O.4 times as many
return bends, as the NaK heat exchanger does. The effects of

the unequal densities of the tube wall materials and coolants in
the two heat exchangers, and the unequal axial lengths, essentially

balance each other.

The smaller number of tubes in the lithium heat exchanger is due
to the fact that the specific heat of lithium is almost five times
the specific heat of NaK at the conditions underlying Table 11.
Since for the same gas-to-coolant (mcp)—ratio the mass flow of
lithium is approximately one fifth the mass flow of NaK, the
lithium heat exchanger requires fewer tubes to maintain a reason-
able fluid velocity, even though at the temperatures under consid-
eration the density of lithiuﬁ is only 0.6 times the density of
NaK. Thus the high specific heat of lithium, which helps to
increase the coolant heat transfer coefficient and to reduce
thereby the weight of the active core, also helps to reduce the
welght of the return bends. The combined effect of reductions in
core and return bend weight leads to a lithium heat exchanger that
is 28 percent lighter than the NaK heat exchanger. The fact that
the 1lithium core volume is about 12 percent smaller than the Nak
core volume, as shown by Table 11, could also lead to a slightly
lighter shell weight in the lithium heat exchanger than in the

NaK heat exchanger.

Although the l1ithium heat exchanger is lighter and has fewer tubes

than the NaK heat exchanger does, the relatively unfavorable
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aspect ratio of the lithium heat exchanger may be noted. The

gas face aspect ratio, Ri,pe/R s, of this heat exchanger

no flow
is 8.3, which appears undesirable from the viewpoints of gas

flow distribution or shape of the approach duct. This problem

can be largely mitigated, however, by use of a folded tube
construction. The gas face aspect ratio of the NaK heat exchanger

is 1.7, which is probably sultable without recourse to tube
folding.

The foregoing has shown that lithium heat exchangers are signifie-
antly lighter and have fewer tubes than do NaK heat exchangers.

If the 360°F freezing point of lithium, the use of Cb-1%Zr to

take account of lithium's chemical aggressiveness and the need

for a folded tube construction are acceptable, lithium heat
exchangers are more attractive than NaK heat exchangers by virtue

of substantially smaller weight and smaller number of tubes.

NaK and water: A comparison of NaK and water heat exchangers
is presented in Table 12. The heat exchangers in Table 12 are for
the 10 KW system defined in Table 1, with the following additional
specifications: Steel tubes of 1/8 inch o.d., tube i.d.-to-tube
o.d. ratio equal to 0.85, aluminum fins, 30 fins per inch, fin
o.d.~-to-fin i.d. ratio equal to 2.0, fin thickness .005 inch;
argon gas, NaK and water coolants, coolant pressure drop 10 psi
in 8-pass cross-counterflow, (mcp)gas/(mcp)coolant equal to 1.0

and a heat exchanger cooling effectiveness eaual to 0.99.
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Coolant NakK Water
Tube material Steel Steel
Wt. of wet core (1b) 46.1 52.3
Wt. of wet return bends (1b) 5.2 2.0
Wt. of wet core plus return bends (1b) 51.3 54.3
Core volume (ft3) 0.778 0.882
Core frontal area (ft°) 0.95 1.00
Transverse dimension (ft)* 0.89 2.87
No-flow dimension (ft) | 1.11 0347
Axial length (ft) 0.825 0.884
Number of tubes 295 100

* With folded tubes. The transverse dimension is about 1/8%H of

the tube length.

The heat exchangers in Table 12 show characteristiecs very similar
to those in Table 11. Because of the superior NaK heat transfer
coefficient, the active core of the NaK heat exchanger is about

13 percent lighter than that of the water heat exchanger. Because
of the higher specific heat of water, the number of tubes and the
return bend weight are smaller in the water heat exchanger than
in the NaK heat exchanger. The weight of the water return bends
is roughly O.4 times that of the NaK return bends, which is
consistent with the comparative numbers and axial lengths of the

return bends in the two exchangers. The net effect of the core
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and return bend contributions is that the welght of the assembled
NaK heat exchanger 1s only about 5 percent lighter than the

assembled water heat exchanger.

Another point of similarity among the heat exchangers of Tables

11 and 12 is the fact that the lithium and water heat exchangers
have much longer tubes (or core transverse dimensions) than do

the NaK heat exchangers. Thus the high specific heats of lithium
and water, which lead to significant reductions in the number of
tubes, also lead to substantial increases in the lengths of tubes.
Tables 11 and 12 show that just as the tube lengths in the lithium
assembly are roughly twice as long as those in the analogous NakK
assembly, so are the tube lengths in the water unit nearly 3.5
times as long as those in the comparable NaK unit. These data
indicate that if a cholce among coolants with widely different
values of specific heats is avallable, the number and length of
the tubes can be very significantly influenced by choosing the

coolant with an appropriate specific heat.

Also noteworthy in Table 12 is the relatively small weight fraction
contributed by the return bends in the heat exchangers of the 10 KW
system. In Table 12 the return bends contribute about 10 percent
of the assembled NaK heat exchanger weight, and less than 4 percent
of the assembled water heat exchanger weight. These percentages
are significantly lower than the percentages (20 to 30 percent)
contributed by the return bends in the 1000 KW system. These data

indicate that the extent to which the return bends affect the heat
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exchanger weight depends on the system power level and on the
associated pressure and temperature conditions to which the heat

exchanger is designed (see Table 1).

Among the significant facts disclosed by Table 12 is that in
the 10 KW system of the present study, heat exchangers that use
ordinary (non-metallic) coolants can be competitive in weight
with heat exchangers that use high performance liquid metals.
As previously stated, and as shown by Table 12, the assembled
welght of the heat exchanger that uses NaK as coolant is only
about 5 percent lighter than the assembled weight of the heat

exchanger that uses water as the coolant.

The foregoing has shown that substantial variations in the weight,
size and shape of heat exchangers, and large variations in the
length and number of tubes, can result from use of various
coolants, even when all the coolants are high performance liguids.
Through the several physical and thermal properties that affect

the magnitude of the heat transfer coefficient and the pressure
drop, the coolant affects the weight of the active core. Through
its specific heat, the coolant affects the number and length of

the tubes and the welght of the return bends. In cross-counterflow
heat exchangers the merit of a coolant i1s determined by its effects
on the combined weight of the core and return bends. Because of
this fact, heat exchangers that use lithium as coolant are lighter
and have longer tubes than do those that employ NaK as coolant;

and heat exchangers that employ water as coolant are competitive

in weight and have longer tubes than do those that use NaK as

coolant.
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An additional way in which the coolant composition affects the
welght of the heat exchanger is through the tube materilals
required for coolant containment. This aspect of coolant
composition is considered in the following section on the effects

of materials.

In the present study, both NaK and lithium were evaluated for the
heat exchangers of the 1000 KW system. NaK alone was considered
for the heat exchangers of the 500 and 100 KW systems. Both NakK
and water were evaluated for the heat exchangers of the 10 KW

system.

Effect of materials: If the temperature level is sufficiently
low so that aluminum can be used instead of steel or other
relatively heavy metals for the tubes and instead of copper for
the fins, the weight of the heat exchanger can be reduced
significantly. In the 10 KW system of the present study the

gas inlet temperature to the heat exchanger is 455°F (915°R,
Table 1), which is within the operable temperature range of
aluminum for the tubes as well as for the fins. In the 100 and
500 KW systems of the present study the gas inlet temperature to
the heat exchanger is 733°F (1193°R, Table 1) and the highest
fin temperature at the hot end of the heat exchanger is about
720°F. 1Inasmuch as the fins are not structural members and neon
is an inert gas, the use of aluminum for the fins appears possible.
The effects of using aluminum tubes and fins in the 10 KW system

and of aluminum fins in the 100 and 500 KW systems are discussed
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in the present section.

Tube materials (10 XKW system): Reference 3 indicates that

at temperatures up to about 430°F the resistance of 25 and 3S
aluminum alloys to corrosion by NaX is good in long term applica-
tions; and that at températures as high as 800 to 1000°F, 2S and
3S aluminum will contain NaK satisfactorily in short term
applications. Reference 3 indicates that at temperatures

between about 430 and 800°F, the resistance of aluminum to cor-
rosion by NaK has not been adequately studied. Reference 13,
which is concerned primarily with ligquid metals corrosion at high
temperatures, does not appear to treat the subject of NaK contain-

ment by aluminum.

In the 10 KW system of the present study, the highest computed
tube wall temperature is 436°F, which is close to the 430°F value
at which aluminum resists attack by NaK in long term applications
(Reference 3). Accordingly brief calculations were made of
aluminum heat exchangers with NaK as coolant. Brief calculations
were also made of aluminum heat exchangers that use water as
coolant. Although the need for fairly elevated pressures to
suppress water boiling, and the possibility of corrosion, may

in fact exclude the use of aluminum tubes with water in the 10 KW
system, the results of calculations on such heat exchangers could
be indicative of the advantages of aluminum with non-liguid

metal coolants other than water. Table 13 presents a comparison
among heat exchangers that use NaK in both steel and aluminum

tubes and water in aluminum tubes.
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The aluminum tube heat exchangers in Tabie 13 were computed

from the steel tube heat exchangers of Table 12 by multiplying
the wall weights of the tubes and return bends of the steel tube
heat exchangers by 173/500, and by then adding the weights of

the (aluminum) fins and contained coolant that had previously
been computed for steel tube heat exchangers. This procedure
takes no credit for the reduction in tube wall thermal resistance
when the wall material is changed from steel to aluminum. As the
tube wall thermal resistance 1s less than 1 percent of the total
thermal resistance in the heat exchangers under discussion, this

conservatism affects the results negligibly.

The heat exchangers in Table 13 are for the 10 KW system defined
in Table 1, with the following additional specifications: tubes
of 1/8 inch o.d., tube i.d.-to-o0.d. ratio equal to 0.85, aluminum
fins, 30 fins per inch, fin o.d.-to-i.d. ratio equal to 2.0, fin
thickness ,005 inch; argon gas, NaK and water coolants, coolant
pressure drop equal to 10 psi in 8-pass cross-counterflow,

(mcp)gas/(mcp)coolant equal to 1.0 and a heat exchanger cooling

effectiveness equal to 0.95.

Table 13 shows that if aluminum tubes can be used instead of steel
tubes in the heat exchanger of the 10 KW system, the weight of the
NaK heat exchanger could be reduced by somewhat more than 35
percent. This overall weight reduction is not as large as the
reduction in the tube and return bend wall weights taken by

themselves because the fins and the contained liquid also contribute

60



to the total heat exchanger weight and these component weights
remain unchanged when aluminum replaces steel in the tube and

return bend walls.

£f f s
Tube material Steel Aluminum  Aluminum
Coolant NaK NaK (H,0)*
Wt. of wet core (1b) 46.1 30.1 (34.5)
Wt. of wet return bends (1b) 5.2 2.5 (1.0)
Wt. of wet core plus return bends (1b) 51.3 32.6 (35.5)
Core volume (ft3) 0.778  0.778 (0.882)
Core frontal area (ft?) 0.95  0.95 (1.00)
Transverse dimension (ft)** 0.85 0.85 (2.87)
No-flow dimension (ft) 1.11 1.11 (0.347)
Axial length (ft) 0.825 0.825 (0.884%)
Number of tubes 295 295 (100)
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* Because of fairly elevated pressure to suppress water boiling,
and because of possible corrosion, aluminum tubes with water
coolant may be marginal in the 10 KW system. The data tabulated
for the water heat exchanger may, however, be indicative of
aluminum heat exchanger weights with other non-liguid metal

coolants.

#* With folded tubes. The transverse dimension is about 1/8%H

of the tube length.
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(Table 13 also shows that an aluminum heat exchanger with water
as coolant is about 10 percent heavier than an aluminum heat
exchanger with NaK as coolant. This numerical result may
represent a measure of the potential competitiveness of other
non-metallic coolants. Coolants with properties less favorable
than those of water would lead to heat exchangers that are more
than 10 percent heavier than the NaK heat exchanger. It is
noteworthy that the merit of any coolant, metallic or non-
metallic, will ultimately be determined by its effects on the
combined weight of the gas-to-coolant heat exchanger and waste
heat radiator, and that a coolant which yields a relatively
heavy heat exchanger may also lead to a relatively heavy radiator.
The weights of auxiliaries such as pumps and controls, and the
ease of handling and containment, also affect the relative merits

of coolants.)

In the bulk of the calculations for the 10 KW system, steel tubes

were assumed for both NaK and water as coolants. The calculations
have indicated that if aluminum tubes can be used, the heat

exchanger weights would decrease by about 35 percent. The calcul-

ations have galso indicated that heat exchangers using non-metallic

coolants may be noticeably, but not prohibitively, heavier than

those using NaK in the 10 KW system.
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Fin materials (100 and 500 KW system): Because 30 fins per

inch with a fin o.d.-to-fin 1.d. ratio egual to 2.0 represents

a substantial amount of fin metal, use of the optimum fin
material is desirable. In the 100 and 500 KW systems the highest
fin temperature is about 720°F, and since the fins are non-
structural members and neon is an inert gas, use of aluminum
appears feasible. An alternate possible fin material 1s copper.
A comparison between heat exchangers using aluminuﬁ fins and

copper fins is presented in Table 1k.

The heat exchangers in Table 14 are for the 100 KW system defined

in Table 1, with the following additional specifications: Steel

tubes of 3/16 inch o.d., tube i.d.-to-tube o.d. ratio equal to

0.89, 30 fins per inch, fin o.d.-to-fin i.d. ratio equal to 2.0,

fin thickness .005 inch; neon gas, NaK coolant, coolant pressure

drop equal to 30 psi in 8-pass cross-counterflow, (mep)gss/(meplecoolant
equal to 0.95 and a heat exchanger cooling effectiveness eaqual to

0.95.

Table 14 shows that the fins contribute a substantial fraction of
the total weight of the assembled core-plus-return bends. When
aluminum fins are used, the fins weigh somewhat less than 25
percent of the assembled core-plus-bend weight. If copper fins
were used, the fin weight would be tripled; the assembled core-
plus-return bend weight would increase by somewhat less than

45 percent, and the fin weight would contribute half of the
assembled weight. Table 14 shows that, with the exception of

63



about a 15 percent reduction in the number of tubes, the gains
from the use of copper fins do not compensate for the increase
in weight that their use incurs. This conclusion, derived

from Table 14 for heat exchangers of the 100 KW system, applies

equally to heat exchangers of the 500 KW system.

b L f ¥ M T Sys

Fin material Aluminum Copper
Fin weight (1b) 31 95

Wt. wet core plus return bends (1b) 132 190
Core volume (ft3) 1.63 1.55
Core frontal area (ft2) 1.12 1.10
Transverse dimension (ft)* - 1.16 1.12
No flow length (ft) 0.97 0.98
Axial length (ft) 1.46 1.41
No. of tubes 540 465

* With folded tubes. The transverse dimension is about 1/3rd of

the tube length.

In the present study, aluminum fins were assumed for the heat
exchangers of the 10, 100 and 500 KW systems. Because of the
1124°F (1584°R, Table 1) inlet gas temperature in the 1000 KW

system, copper fins were assumed for the heat exchangers of this
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system. For simplicity, copper fins were assumed to be employed
on all the tubes. In a design for minimum weight, the use of
aluminum fins in the relatively cool portions of the core would

lead to heat exchanger welight reductions in the 1000 KW system.

Parametric Data

Table 15 identifies the combinations of parameters explored in
systematic calculations of heat exchangers for the four Brayton
cycles defined in Table 1. The data presented in figures % to 9
and in Tables 2 to 1k, which have already been discussed in the
foregoing pages, were extracted from the more extensive results

of the calculations identified in Table 15. Systematic variations
not covered by figures 4 to 9 and Tables 2 to 14 are presented in

figures 10 to 2k.

Figures 10 through 24 have the following characteristics in common:
In each figure the gas-to-coolant (mcp)-ratio has the three values
0.90, 0.95 and 1.0; and at each value of the (hcp)—ratio, the
coolant pressure drop ranges from 5 to 100 psi in both 6- and 8-pass
cross-counterflow circuits. Each figure consists of two pages. Of
these, the first page presents computed data on the weight of the
wet core-plus-wet return bends of the tube assembly, the number of
tubes and, in some cases, the core volume. The second page of each
figure presents computed values of the tube length -- or the core
transverse dimension in the case of the heat exchangers for the 10
KW system, in which folded tubes were assumed --, the core no-flow
dimension, the core axial length and, in some cases, the core frontal
area. In those cases in which the core volume and frontal area are
not explicitly presented, they can be easily computed from the

dimensions presented on the second page of the figure.
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Table 19, Ranges of Parametric Dats
Power Gas Cool- Cooling (icplgas Tube Fin Tube Fins Fin Fin No. of Cool-
level ant effect- —m——m—m— metal metal o.d.* per (0.,d,) thick- coolant ant
iveness  (meplcool. inch (i.d4.) ness passes  ApD
(KW) (in.) (in.) (psi)
1000 A NakK «90 . 90 Steel Cu 3/16 10 1.8 .005 8 30
to
40
30 1.k
to
\ 2.5
9, .95, 1 2.0 6,8 5 to
_ 100.
.925
<95
Y
«925 010
9 ¥ y
.925 .90 | 0.15 .005 8 30
to
0.25
.925 .9, .95, 1 1/% 6,8 5 to
i —_— 1QO
{ \ \Jy 95 y $ J’

* At all tube diameters studied, the tube i.d.-to-tube o0.d. ratio was 0.85.
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3

Table 19%. Continued

Power Gas Cool- Cooling (mcp)gas Tube Fin Tube Fins Fin Fin No. of Cool-
level ant effect- ————————— metal metal o.d.* per thick~ coolant ant
iveness  (mcp)cool. inch (1.d.) ness passes  AD
(KW) (in.) (in.) (psi)
1000 A Li .925 .9, .95, 1  Cb-(1 Cu 3/16 30 2.0 .005 6,8 5 to
—— % Zr) 100
|
.95
{
500 Ne NaK .925 Steel Al
|
100 .925
.95
l [ [
10 A NakK «95 9, .95, 1 Steel A1 3/16 6,8 5080
’ 1
1.0 Steel, 1/8 8 10
Al
1
Hy0 «9, .95, 1  Steel 3/16 6,8 5 to
100
1.0 Steel, 1/8 8 10
A1
Y Y Y \

% At all tube dilameters studied,

the tube i.d.-to-tube o.d. ratio was 0.85.



The numbers of tubes presented in figures 10 through 24 are
based on the conservative assumption that one complete tubular
coolant channel consists of 6 or 8 straight tubes joined in
series by means of return bends brazed to them. If long tubes
can be bent to eliminate the need for brazed return bends, the
actual numbers of tubes would be 1/6%h or 1/8%1 the values
presented in figures 10 through 24. (The factors 1/6 and 1/8

apply to 6- and 8-pass coolant circuits, respectively.)

Cartesian, rather than logrithmic, coordinates are used in figures

10 through 24 to accentuate non-linearities that occur, to magnify

the separation between often closely spaced curves and to permit

placement of more than one group of curves on a page.

Figures 10 through 24 are further described in the following

sub-sections.

1000 KW system: Figures 10 through 18 deal with heat exchangers

for the 1000 KW system. In figures 10 through 16, the coolant is

NaK. 1In figures 17 and 18 the coolant is lithium.

Within the figures in which NaK 1is the coolant, parametric
variations occur in the cooling effectiveness, fin thickness
and tube diameter, as follows: Figures 10 through 12 treat
cooling effectivenesses of 0.90, 0.925 and 0.95 for tubes of
3/16 inch o.d. and a fin thickness of .005 inch. Figures 13
and 1% deal with cooling effectivenesses of 0.925 and 0.95 for
tubes of 3/16 inch o.d. and a fin thickness of .010 inch.

Figures 15 and 16 treat cooling effectivenesses of 0.925 and
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0.99 for tubes of 1/4 inch o.d. with a fin thickness of .005%
inch. In all parametric figures in which NaK is the coolant,
the tube metal is steel, the fin metal is copper, the fin

o0.d.-to-1i.d. ratio is 2.0 and there are 30 fins per inch.

In the two figures (17 and 18) in which lithium is the coolant,
the cooling effectiveness takes the values 0.925 and 0.95., The
tube is assumed made of Cb-1%Zr and has a 3/16 inch outside
diameter. The fin is made of copper, has a thickness of .005
inch, an o.d.-to-i.d. ratio of 2.0, and there are 30 fins per
inch.

Note may be taken of the relatively large ratios of tube length-
to-no flow length for the lithium heat exchangers of figures

17 and 18. These aspect ratios can be brought close to unity

by use of folded tubes. Tube folding is further discussed in

connection with the heat exchangers of the 10 KW system.

500 and 100 KW systems: Figures 19 and 20 present heat exchanger

data for the 500 KW system, and figures 21 and 22 present data for
the 100 KW system. At each power level, cooling effectivenesses
of 0.925 and 0.95 are treated. In all these cases, steel tubes

of 3/16 inch o0.d., and aluminum fins of .005 inch thickness with
an o.d.-to-i.d. ratio of 2.0 and a freouency of 30 per inch, are

assumed.

The tube lengths and no-flow lengths (and the associated gas face
aspect ratios) presented in figures 19 through 20 are the

unmodified values obtained from straightforward calculations.
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Whenever the tube length and no-flow length combine to give
an unattractive gas face aspect ratio, tube folding may be

considered, as indicated in more detail for the 10 KW system.

10 KW system: Heat exchanger data for the 10 KW system are

presented in figures 23 and 24. In figure 23 the coolant is
NaK and in figure 24 the coolant is water. In both figures,
steel tubes of 3/16 inch o.d., aluminum fins of .005 inch thick-
ness, a fin o.d.~to-i.d. ratio of 2.0 and 30 fins per inch,

are assumed.

In the 10 KW system, the original calculations for both Nak

and water led to large values of the ratio, /élube/ no—Flow’

which is the aspect ratio of the gas face of the heat exchanger.
In order to provide gas face aspect ratios closer to unity,

the tubes were postulated to be folded 8 times. The geometry

of a folded tube is suggested in
the adjacent sketch. The tube

Straight tube
lengths and the no-flow dimensions

E§§§§§§§ in figures 23 and 24 correspond
to 8-times folded tubes whose
Tube folded 4 times
developed lengths would be the

same as those of the originally computed stralght tubes.

The quantities principally affected by tube folding are the
coolant pressure drop and the total number of tubes (if the tubes

cannot be bent, brazed U-bends joining short lengths of straight
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tubes become necessary). The calculations for the originally
assumed straight tubes showed that iIn the pressure drop range
of interest in the 10 KW system, the return bends of an 8-pass
cross-counterflow circuit contribute only about 5 percent of
the total coolant pressure drop. The extra pressure drop
introduced by the close return bends of an 8-time folded tube
with short straight sections, however, would be expected to adad
considerably more than 5 percent of the total coolant pressure

drop.

Figures 23 and 24 show that in the 10 KW system the absolute
values of the heat exchanger weight, volume, frontal area and
axial length change only slightly even for the twenty fold
coolant pressure drop change from 5 to 100 psi; hence these
guantities would change quite negligibly for pressure drop
increments even as high as 50 percent. As previously indicated,
the transverse dimensions and no-flow lengths presented in
figures 23 and 24 are for folded tubes of developed length equal
to those of the originally computed straight tubes. Figurés_23
and 24 indicate only moderate changes in the absolute values of
transverse and no flow dimensions for pressure drop increments
of the order of 50 percent. Accordingly, with the possible
exception of the total number of tubes, the values in figures

- 23 and 2#, based though they are on straight-tube computations,
are believed to represent a satisfactory first approximation

to the values for folded tube heat exchangers in the 10 KW system.

Uses of parametric data: The parametric data in figures 4
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through 24 and in Tables 2 to 14 may be used in a number of

ways. Among these are the following:

1. The effects of each parameter may be studied in an
effort to obtaln insights necessary for sound design. An
attempt at such a study is represented by figures #-9, Tables
2-1% and by the discussion of these figures and tables presented

in the foregoling pages.

2. The data may be used for weight trade-off analyses
between the gas-to-liquid heat exchanger and the radiator, with
possible implications for the pressures, temperatures and

efficiencies of other components of the system as well.

3. The data may be used as starting values for heat

exchanger detailed design studies.

4. Sample values may be selected as indicative of the
magnitudes of heat exchanger weights and dimensions that might

be expected at each of the four power levels studied.

For purposes 2 to 4, the values in figures 4 through 24 are
believed to represent reasonable starting values of heat exchanger
sizes and weights. The effects of geometric thermal, coolant and
materials parameters, as discussed under figures 4 to 9 and Tables
2 to 14, may, however, be recalled. That discussion suggests

that at any of the four power levels of interest, significant
improvements may be made in comparison with the parametric values
herein by use of optimum combinations of the entering parameters.

Such optimization lies within the scope of detailed design.
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In connection with purpose 4, typical values are tabulated herein
after the coolant temperatures associated with various cooling
effectivenesses and gas—to-coolaﬁt (mcp)-ratios are discussed in

the following section.

Liquid Temperatures And Radiating Potentials

In the gas-to-1liguid heat exchanger, the function of the 1liquid
coolant is to extract from the gas the waste heat of the cycle.
After leaving the heat exchanger, the function of the liquid is
to deliver the waste heat to the walls of the radiator for

radiation away to space.

From the viewpoint of heat discard to space, the ideal thermal
arrangement would be to have the liquid enter and leave the
radliator with temperatures identical to those that the gas
would have if the gas itself were the radiator working fluid.

If a finite-sized gas-to-liquid heat exchanger is used, however,
the liquid temperatures at both entrance to and exit from the
radiator are lower than the gas temperatures would be if the gas

flowed directly through the radiator.

In order not to nullify the advantages of a liquid working fluid
in the radiator, the liguid temperatures at the radiator inlet
and outlet must not be too much lower than those that the gas
would have if the gas were the radiator working fluid. 1In order

to evaluate the suitability of selected liquid temperatures, the

73



radiating potentials at those temperatures may be compared with
the radiating potentials at the temperatures that would exist if

the gas flowed directly through the radiator.

The net radiating potential of a surface at temperature T

in an environment of effective temperature ‘1‘e is proportional

to (T¥-T_*). If the heat transfer coefficient in a liquid-

filled radiator is high enough so that the surfaces of the
radiator channels are at nearly the same temperatures as the
liquid, and if internal fins in a gas-filled radiator bring the
surface temperatures of that radiator to nearly the same temp-
erature as those of the gas, then the respective ratios of net
radiating potentials at the cold and hot ends of the two radiators

are as follows:

. TH T 3
(Ratio of net radlj _ <~1iquid T e
ating potentials - I I
Radiator Tgas - Te Radiator
cold end cold end
Ratio of net I‘adl-) - 1igquid e
ating potentials L L
Radiator Tgas - Te Radiator
hot end hot end

These two ratios can be used to estimate the suitability of given

liquid end temperatures, or equivalently, the suitability of
given heat exchanger cooling effectivenesses and gas-to-liquid

(ﬁcp)-ratios. Liquid temperatures and related ratios of net
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radiating potentials of liquid and gas radiators are shown in
figure 25a, 25b and 25c at various combinations of heat exchanger

cooling effectiveness and gas-to-liquid (ﬁcp)-ratio.

Figure 25 shows that for the systems under consideration, in
which the gas temperatures are fixed (Table 1), the liquid
temperature at the cold end of the heat exchanger (and hence at
the cold end of the radiator) depends only on the heat exchanger
cooling effectiveness and increases as the cooling effectiveness
increases. In the cooling effectiveness range 0.90 to 0.95 the
variation of the cold-end liquid temperature is essentially

linear.

Figure 25 shows that the liquld temperature at the hot end of the
heat exchanger (and therefore at the hot end of the radiator)
depends on both the heat exchanger cooling effectiveness and the
gas-to-liquid (mcp)-ratio, and increases as either the effectivene
or (mcp)—ratio increases. In the effectiveness range 0.90 to 0.95
the variation of the 1iquid hot-end temperature 1is essentially

linear with both the cooling effectiveness and (mcp)—ratio.

To evaluate the suitability of the liguid temperatures in figure
25, use may be made of the ratios of radiating potentials that are
presented in figure 25. Let the condition be arbiﬁrarily imposed
that the net radiating potential of the liouid radiator shall not
fall below about 70 percent of the net radiating potential at
either the hot or cold end of the comparable gas radiator; then

figure 25 indicates the following lower bounds on the heat

SS
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exchanger cooling effectivenesses and gas-to-coolant (mcp)-ratios:

Table 16. Lower Bounds* on 7 and (me_ ) _ _/(mec )

cooling p’ gas p’ coolant
Power Approximate lower Approximate lower
level bound on cooling bound on the ratio
(KW) effectiveness (mcp)gas/(rﬁcp)coolant
10 0.93 0.90
100 and 500 0.91 0.90
1000 0.89 0.90

D s A . R D v e e T S R T S A T M P S P T D i TH B D s - A S S - W A S P W D b P A e o S

* In an environment of 425°R effective temperature, for (liquid

radiating potential) = 0.7 x (gas radiating potential).

Table 16 shows that in the systems under consideration, the

lower bound on the cooling effectiveness increases as the power
level decreases; the lower bound on the gas-to-coolant (hcp)-ratio
remains essentially constant as the power level changes. These
behaviors reflect the influence of the environment temperature

on the net radiating potential. The influence of the environment
temperature is appreciable when the local radiator temperatures
are low, and this is reflected in the behavior of the cooling
effectiveness; the influence of the environment temperature
decreases as the local radiator temperatures get higher, and

this is reflected in the behaviors of both the cooling effec-
tiveness and gas-to-coolant (mcp)—ratio. (See Table 1 for the

temperature levels of the four systems under consideration.)
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It follows from the foregoing discussion that at a given power
level, a cold-end liquid temperature is "suitable" if it
corresponds to a cooling effectiveness equal to or greater than
the value shown in Table 16 for that power level. A hot-end
liquid temperature is "suitable" if it corresponds to both a
cooling effectiveness and a gas-to-liquid (ﬁcp)—ratio equal to
or higher than the values shown in Table 16 for the power level

under consideration.

Comparison of the cooling effectivenesses and gas-to-coolant
(ﬁcp)-ratios of Table 15 with the lower bounds shown in Table 16
discloses that all the heat exchangers of the present study meet
or exceed the criteria in Table 16. The liquid temperatures and
the ratios of radiating potentials that go with the parameter
combinations in Table 15 may be read directly from figure 25.

The lower bounds on heat exchanger cooling effectiveness and
gas-to-liquid (mcp)-ratio in Table 16 permit an estimate of values
of these parameters that may be of interest in the systems under
consideration. Heat exchanger data at conditions of potential
interest may thus be tabulated. Such data are illustrated on page 3
of the report. The 1llustrative data show that the specific weight
and speclific volume decrease as the power level Increases. The
reasons for these decreases are that the gas density and the allow-
able pressure drop both increase substantially as the power level

increases (Table 1).

As previously indicated under "Uses of Parametric Data', the heat

exchangers generated in the parametric calculations are capable of
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significant improvement by refinement of parameter combinations at
each of the power levels studied. The illustrative heat exchangers
shown on page 3 of the text represent possible starting configur-

ations that are subject to optimization.

Concluding Remarks

Gas-to-liquid heat exchangers have been discussed in relation to
Brayton cycle powerplants for space applications. It has been
indicated that for missions in space, a heat exchanger must be
highly reliable, as well as light in weight. In order to satisfy
the reliability and weight requirements, heat exchangers that

employ externally finned tubes have been selected herein.

Computed sizes and weights of externally finned tubular gas-to-
liguid heat exchangers have been presented for four Brayton cycle
systems capable of generating 10 to 1000 kilowatts of electrical
povwer in space missions. At conditions of very high thermal perform-
ance, heat exchanger specific weights between about 1 and 1.5 1b/KWg
have been indicated for cycle power levels in the range 1000 to 100
KWo, and heat exchanger specific weights between about 3.5 and

5.5 1b/KWg have been indicated for a cycle power level of 10 KWe .

The indicated numerical values have been obtained by postulating
tubes of 3/16 and 1/8 inch outside diameters, finned externally

with 30 fins per inch of tube length, and arranged so that the fins

78



of neighboring tubes Just touch each other. In order to obtain
heat exchanger cooling effectivenesses as high as 0.95 at the
gas-to=-coolant (mcp)—ratios of interest in this study, multipass
cross-counterflow ligquld circuits have been assumed. In order
“to provide freedom from thermal stress, disk fins rather than
plate fins have been postulated, and the tubes of successive
passes have been assumed to be jolned to each other by properly
shaped U-bends rather than brazed or welded to tube sheets at
the Jjunctions of successlive passes. In order to maintain a
satisfactory gas face aspect ratio, tubes folded in the plane of
each tube bank have been considered in the case of the 10 KW

system (figure 3b).

The geometric combinations described in the foregoing paragraph
may represent significant extensions beyond conventional heat

exchanger practice.

The correlations developed and applied in this study for
calculating friction and heat transfer in flow across banks of
externally finned tubes are based on a large amount of experi-
mental data (figure 26). It is noteworthy, however, that the tubes
on which the correlated data were measured were of larger diameter,
had considerably fewer fins per inch of tube length, and were
spaced significantly farther apart than the postulated tubes of

the present study. The assumption that the correlations in

figure 26 are applicable to the very compact finned tube geometries

of the present report must await experimental verification.
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APPENDIX A

SYMBOLS

The symbols used herein have the following meanings:

A area (ft2)
b fin height (figure 2) (ft)
C (mcp)gas/(mcp)coolant (non-dimensional)

Cep friction coefficient (non-dimensional)

e, specific heat at constant pressure (Btu/1b°R)
D diameter (ft)
d diameter (ft)
F correction factor for non-pure counterflow (non-dimensional)
£ friction factor (non-dimensional)
G mass flow per unit flow area (lb/hrftz)
g gravitational conversion factor (32.2)(3600)2 (1bm ft )
1bp hr2

heat transfer coefficient (Btu/hrftZ°R)
thermal conductivity (Btu/hrft2(°R/ft))

E oD

length (ft)
mass flow rate (1b/hr)

m

N number (of) (non-dimensional)

P static pressure (1b/ft2)

Pr Prandtl number (non-dimensional)
R thermal resistance (°R/(Btu/hr))
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r tube diagonal spacing parameter (fig. 2) (non-dimensional)
Re Reynolds number (non-dimensional)

s tube transverse spacing parameter (fig. 2) (non-dimensional)
T temperature (°R)

UA  overall thermal conductance (Btu/hr°R)

v velocity (ft/hr)

X axial pitch of tubes (fig. 2) (ft)

Greek symbols

T\ change

§ thickness (ft)

7 effectiveness (non-dimensional)
M dynamic viscosity (1by/hrft)

F density (lbm/ft3)

a spacing between fins (fig. 2) (ft)
Subscripts

av'g bulk average

b banks of tubes

C,p cooling, per pass

c,0 cooling, overall

eff effective

en entrance

ex exit

f fin; "film" when applied to gas temperature
fr frietion
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g gas,; on gas side
gas gas

i inside

J Jameson (Ref. 14)
l1i0. met. 1liquid metal

m momentum

max maximum

o] outer

p coolant passes; per coolant pass
T rows of tubes

t tube, tube wall
wall tube wall
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APPENDIX B

CALCULATION PROCEDURE

Orientation

Table 1 of the text defines the followiling problem:

Given: A gas of specified composition, and values of (mcp)g,

Ten,g and pen,g

Find: The dimensions and weights of heat exchangers that produce

prescribed values of ATg and Apg.

Solution of this problem involves (a) selection of a basic heat
transfer element and visualization of a suitable arrangement of

a number of such elements into an overall heat exchanger configura-
tion; (b) selection of a second heat transfer fluid and specification
of enough constraints on this fluid to permit detailed solution of
the problem under discussion; and (e) organization of pertinent
guantitative relations into a calculation sequence suitable for

generating parametric solutions to the problem defined.

In the present study the specified gases are argon and neon, and
the data stipulated for these gases are listed in Table 1. The
selected heat transfer element and the overall heat exchanger
configuration are as indicated in figures 2 and 3. The secondary

fluids are the liquids, NaK, lithium and water. The calculation

1
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procedure is discussed in the following paragraphs.

An outline of the calculation procedure has previously been
presented on pages 17-19 of the text. An additional, more
detailed description of the calculation sequence is presented
in this appendix. In order to lend concreteness to the more
detailed outline, the elements that are needed for the calcula-
tion are first identified explicitly in sub-sections titled
"Finned tube basic geometric quantities'", "Thermal relations",
"Pressure drop relations", "Size and weight relations". The
detailed outline of the calculation sequence follows these

sub-sections.

Elements Of The Cglculagtion

Finned tube basic geometric guantities: Figure 2 presents details
of the finned tube element and of the transverse and axial finned
tube spacings. Every dimension identified in figure 2 is an
independent variable. In order to perform heat exchanger calcula-
tions it is necessary to assign a numerical value to each of these
dimensions. In the following discussion it will be assumed that
such numerical values have been assigned, and that all dimensions
labelled in figure 2 are known numerically. It will be further

assumed that the materizls and thermal conductivities of the fins

and tubes are known.
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For calculations, the following geometric quantities are needed:

dJ = Jameson diameter (Ref. 14)

d = R Friction surface (1)
J T Projected perimeter

When the surface exposed by the outer edge of the fin is included

in the friction surface, dj is given by

Jd = o + Z%(%"‘J;)

2 o+2é +3, @)

The friction surface in one tube bank per unit gas flow area is

Sfriction - .E‘—IZ‘@.&.(V'-;‘-Z%-/“J;—) + 2[‘ (ﬁ— -/'J;_-)]
/!/@Af/ouf;? adr(r+ &) —dy (v+8) - 2.4 5

(3)

Equation (3) includes the surface of the outer edge of the fin.

The fin heat transfer surface in one tube bank per unit gas flow

area 1s

SEin 2 77',@ (C/-t- -+ ,g‘)

Y Aetow, 9 ady (C+3,) = dp (TG ) - T

()

Equation (4) takes no credit for the heat transfer surface con-

tributed by the outer edge of the fin. As a partial compensation
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for this conservaﬁivism, the portion of the outer tube wall sur-
face covered by the base of the fin 1s treated herein as though
it were exposed to the gas. Thus, the gas side surface of the

tubes in one bank per unit gas flow area is taken herein as

jf'ube!i =~ 7r°/f‘ (0‘-/—&;) (%)
/Yg—Af/ou{;j adr (c+&) - d, (v+5 ) - 244

The tube surface on the coolant side in one tube bank per unit

gas flow area 1is

Scao/a,n‘f' = (C/[ ) J{—ube,g (6)
A,/Z Af/o w, g °l-t- A,/G- Af-/aw) 9

The frontal area per unit gas flow area when shell clearance is

neglected is

Afronf'q/)g _ ,40/7_ (0"+
Aslow, 5 ady (T+& )~ 9,

L (7)
(a'+é;)—2,ﬁc);

For calculation of the friction pressure drop the following
modified version of a geometric parameter introduced by Jameson

(Reference 14) is needed:

0.4
Geometric Fumction /,@ / /
. o . = R.32% + (8)
m Frictien e?ua?“/on ko- /74_, e
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Thermal relations: The principal thermal relations required for
the calculations are the heat exchanger cooling effectiveness,

the gas-to-coolant (ﬁcp)-ratio, the overall thermal resistance

of the heat exchanger, and the individual thermal resistances of
the gas, wall and coolant. These relations are discussed in the
present section. The heat transfer coefficlients of the gas and
coolant are indicated during discussion of the thermal resistances.
Subsidiary thermal relations are also indicated during the discus-

sion.

The cooling effectiveness employed herein is the temperature

effectiveness
. 75#;9 - Z;<.9 - A 75
7coo/:n_7 = = (9)
7é'7,9 - 7;n,C°°/a~”f Z:nly - Zn,coo/an?"

In the systems of interest in the present study, the gas temperatures
are fixed (Table 1). The cooling effectiveness then serves two
functions: (1) It determines the coolant entrance temperature

according to the re-arranged version of equation (9):

A A7y

en,coolant = ey g (9a)
g 7Zcocb//'r)y

and (2) It contributes to the determination of the required overall
thermal conductance (or its reciprocal, the overall thermal resist-

ance) of the heat exchanger, as detailed below. In the present
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study the cooling effectiveness is an independent variable to
which values may be assigned arbitrarily, with the understanding
that the heat exchanger will then be sized so as to have that

effectiveness, as discussed below.

The ratio (mcp)gas/(mcp)coolant is also an independent variable

in the present study. When a value is assigned to this ratio,

the heat capacity rate of the coolant, (ﬁcp) ¢y and the

coolan
temperature rise of the coolant are both determined.

(7’.? C;»)cao/anr = (7 p)ges (10)

/E-n'fz €4 )gas /('m C3)coola ,,./]

Coo/an'f'

(7¢4) pas
e AT, (11)
(/7"7 ('7; )cao lant

Equations (9a) and (11) together determine the coolant exit

temperature from the heat exchanger.

When both a cooling effectiveness and a gas-to-coolant (écp)-ratio
are assigned, a definite value of the overall thermal conductance
of the heat exchanger is implied. For a multipass cross-counter-
flow heat exchanger with both fluids unmixed, as in figure 3 herein,
the implied value of the overall conductance can be calculated

slightly conservatively (Reference 9) as follows:
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Let

Np = total number of coolant passes;
740:= heat exchanger overall cooling effectiveness

as given by equation (9), the symbol 7. .

beilng an abbreviated version of the longer

" (12)
term, " 72cooling;
¢ = (mcp)gas/(mcp)coolant;
77<:_P==cooling effectiveness of each of the /%; passes.J

Then, as can be shown to be compatible with the relations discussed

in Reference 9,

LN
/- 7. . Yol
— - C 7ZC,O
lp = - (13)

/ . C:,' / —‘ 72c,o VN?
/ - C 72(‘)0

and the required conductance per pass, (UA)p, can be shown to be

given by
-

A (/— C?zc,)

/ - 7Zc7e:
/- C

(14)

((//" )7) = ?;— <7;z C;b)y -

in which Fp is a number smaller than unity that corrects for the

departure from pure counterflow. Fp is unicuely determined by
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the combination (é,‘ﬂc p)' For coolant passes arranged as in
9

figure 3, the numerical value of Fp is found from the chart in

Reference 7 that applies to single-pass pure crossflow with both

fluids unmixed.

The overall conductance of the heat exchanger is Np times the

conductance per pass. Thus

( /—C7?c1a>
/ (7710) /6”‘(/" 77c;b
F Plq
7 /- C

A (15)

1
R

Equation (15) 1is a slightly conservative expression for the
required overall conductance of a cross-counterflow heat exchanger
of the sort shown in figure 3 when that heat exchanger has Np
passes and a gas-to-coolant (mcp)-ratio equal to C, and is reouired

to have an overall cooling effectiveness 7., .

The foregoing equations apply when C is either less than or greater
than unity.* In elther case the numerator and denominator of the
bracketed function in equations (14) and (15) have the same algebraic
sign and their guotient is positive. Thus, special precautions are

not needed with regard to the magnitude of ¢ when ¢ differs from

unitye.

For the special case C = 1, L'Hospital's Rule 1s applied to ecuations

(13) and (14%) to obtain

* For non-imaginary values of UA, the term C 77, p must be < 1.
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T,). T e ae
(JP C=/

. f)? 4_“3%Lfmm (17)

Then the required overall conductance of the heat exchanger,

which is Np times the conductance per pass, is given by

([//4 )(5:/ = /VA 7:7/:; (ﬁcf)j /_7;;::? (18)

.
\

The overall thermal resistance of the heat exchanger is given by

Overall therma/ res/istfance = 7 (19)
UA
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in which UA is computed with equation (15) when C is not egqual
to unity, and is computed with equation (18) when C is equal to

unity.

The thermal resistance of the gas is given by

Ve _ /

gas  — (20)

(A Sef%)y

The value of hg in ecuation (20) is obtainable from figure 26
herein as socon as a value is assigned to the gas Reynolds‘number.

The value of G recuired to extract hg from the Stanton number is

G, = | R I '
max , g —_ g
dr ///(?,44 (21)

The value of the effective surface in eaguation (20) is computed

obtained as

W[

with the relation

N) = \qube J.Fin
< e#s >.7 /%’-Af/ong (/v A )y+ 77‘:’17 </V A )j (22)

in which

V2

Flow g = (23)

max ‘7
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Use is made of equations (4) and (5) herein and of the fin
effectiveness curves in Reference 8 to determine the bracketed
function in equation (22). The number of banks Ny is determined
when the gas pressure drop condition is imposed on the heat
exchanger, as indicated in the section on "Pressure drop

relations".

The thermal resistance of the wall can be expressed in the form

Sy B (2t
r — ¢ ( A ) M. A Itvte, 4
wall T 4 Flow,q TVT_ (24)
< ﬁwa.ll 4" Flow, g
The thermal resistance of the coolant is
R =/ \
coolant - T
(A ‘))coo/nn‘/‘
Y (25)
— / N
= _ e + R
UA ( 7 road

which may be solved for the coolant heat transfer coefficient

to yield

/

Coo/anf e e ———— (26)

/v A jcaa/a.nf /
g f/ow}9 (/1/&/4 [UA —('eya.s + EWA//)]
- f/oung
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For convenience, h,,515nt May be put into non-dimensional form
by introducing the Nusselt number which, for the pipe flows
under discussion, is equal to the product of h,y57ant bPY

di/k

coolant® In terms of the Nusselt number, equation (26)

takes the form

( (&)
AO/‘: iCooan
Z ): lant 0//1 - (Eya5+ ,em,,ﬂ (27)

cool,
%Afla%y ‘Scoo/a.nf )
Vo A

low, 3

Reference 3 indicates that for liquid metals in fully developed

turbulent pipe flow,

A d; — Cod: ¢
— = o 7 .g25 ¢ tp
( % >/¢‘7,. met: f > (28)

in which & = 7 for the case of uniform wall heat flux, and X = 5
for the case of uniform wall temperature. 1In a cross-counterflow
heat exchanger, neither uniform heat flux nor uniform wall
temperature occurs; hence, for the present study &X was taken
equal to 6, and as a conservativism the resulting expression was
multiplied by 0.75. Thus, for the liquid metals, the ecuation

for the Nusselt number was taken to be

'

hdy
< 47.Met

0.75 | ¢ +_023,<f’z/£".c )o.a 29)
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The Nusselt number for ordinary (non-metallic) liouids in fully
developed turbulent pipe flow is given in Reference 4. This

equation was used with a 10 percent conservativism in the cases
in which water was the coolant. Thus, for water, the following

equation was used:

0.8 o. 4
(&'@_) = .oz, (LT Cp A (30)
* water /AX %
Equations (29) and (30) show that when the coolant properties
and tube inside diameter are specified, the coolant velocity is
uniquely determined by the coolant Nusselt number (or heat
transfer coefficient). Equation (27) shows that the required
value of the coolant Nusselt number depends on earlier computed
quantities; hence, the recuired coolant velocity is also known
when the guantities that govern the coolant Nusselt number have

been computed.

As indicated above, the calculations reouire a knowledge of fluid
properties. Data are reguired for both the gas and the coolant.
In the present study, coolant properties were basedlon the data
in References 3 and 10-12; properties at the bulk average
temperatures of the coolants were employed. Gas properties were
based on the computed data presented in Reference 15; properties

at the average film temperatures of the gases were used.
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Pressure drop relations: The formula employed herein for the

gas static pressure drop was

Aﬁ = Affr +A?m (31)
in which
A/—g / GZ
= C x |2.324 ) ! Ny ——max = (35
fr a7 )\ 26, P
A — / / (33)
?jﬁb ‘gx {on

The basis for equation (32) is indicated in Appendix C. A plot
of experimental data relating Cfr and RedJ is presented in

figure 26.

When equations (32) and (33) are inserted into eguations (31),

equation (31) yields the total number of tube banks, Nb'

The formula employed herein for the coolant pressure drop was

(34)

2
A = 47 A S
Coo/a.hf GIL- e’cjc 27
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4]

.04 6
f =

(rra/m)

L ) </
o - /V tvbe,p + 5 </V -/) (36)
d; Jesf AP o\

L

(35)

In equation (36), the term 50 (Np - 1) allows an effective ,2744
of 50 for each return bend, as recommended in Reference 4 for

180° bends of medium radii. The coolant velocity v in equations
(3%) and (35) is the value determined from the required coolant

Nusselt number, as discussed under "Thermal relations".

Size and weight relations: The core dimensions desired are the
axial length, the no-flow length and the transverse length. In
order to compute these dimensions it is necessary to calculate

the number, distribution and lengths of the tubes. The relations
required for determining the core dimensions are indicated in the
present section. The weights desired are the weights of the tubes,
fins and return bends, and the weight of the 1liguid contained in
the tubes and return bends. These relations are also indicated

in the present section.

When the total number of tube banks in the gas flow direction is

Ny, the axial length of the heat exchanger is

[x/a./ = (% "/)x * D, (37)

(-2

97



formula for the no-flow length per bank is
/gm-f/ow per bank — (N/b —/)’40/7 + -Do (4+2)

The no-flow dimension of the core, when allowance is made for a
fin-to-shell clearance of DO/H at both the top and bottom rows of
tubes, and when account is taken of the staggered arrangement of

successive banks, is given by

/g-no-f/ow, core = </\//1_ —/>/A’df + 2 'Do (43)

The no-flow lengths in equations (42) and (43) differ by D,. 1If
there are many rows per bank, this difference is negligible in
parametric studies. If there are very few rows per bank, however,

the difference is not negligible.

The active length of a tube in any one pass is

[ —_ Afronfa/, g
tvbe, p — (M)

/g‘ho—flow Per bank

Equation (44) applies both to straight tubes and to tubes folded

in the plane of a bank. In equation (44), A has the value

frontal,g
determined by joint use of equations (7) and (23).

The transverse dimension of the core is equal to )?fube,7> if
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the tubes are straight.

([fra.ns yerse)sf-ra{y/zf o ’gf‘ube,;b (45)
7vbes

If the tubes are folded in_the plane of a bank, however, the core

transverse dimension is given approximately by the expression

~ /éfube, v
(/Q;fansverse >fohded T / (46)

/~Vo,r oF sf'raiyh‘f‘ /9_95
fubes of folded fube

An exact determination of the transverse dimension is obtained

when the U-bends of the folded tubes are calculated precisely.

The total number of active tube-feet is given by

7otal aclive fuvbe- feet = (/ﬁ/ée)f>(/'/.offabe5 ferﬁass}lvf (4+7)

Equation (47) applies both to straight tubes and to tubes folded
in the plane of a bank. Eguation (47) does not include the lengths

of the return bends that join the tubes of successive passes.

Equations (37) through (47) represent the relations needed for
determining pertinent core dimensions and tube data. The following
relations are employed for computing the weights of the heat

exchanger components.
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The weight of the tube walls in the active core is

- (e}
W tube walls = % [/ (d*) :) Ny A [ Srute,s
L Tvbe walls = @ % A tow, 4 o : (48)

k g 4 flow, g

The weight of the fins, with an additional 10 percent allowance

for the weight of braze material,is

. é; S:C/'n

The weight of coolant contained within the tubes of the active

core 1is
Wt in-Fube) _ L Y 0
< coofant ) - (DCao/anf < /vﬂp' Af/W/.? (50)

J 4 Flow, g

in which the term di/4 is the ratio of the total coolant volume
to the total surface swept by the coolant within the tubes of the

active core.

When it is observed that each tube effectively gets displaced a
distance eoual to (Np - 1) times the axial dimension of one pass
in progressing through the multipass circuit, and when allowance
is made for a semi-circular shape of return bend, it is possible

to derive the following expression for the total tube-feet
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contributed by all the return bends

— T Ng-/ 2
(Z [> N < y £ N‘g ['no-flow (51)

refurn bends /Vf A d]‘

The weight of the walls of the return bends is then given by

WT. retuvrn bends = T c/z-o’.z Z ) (52)
€ f: <+ ¢ ‘ f retuvrsn

bends

The weight of the coolant contained in the return bends is given by

Wt of coolant > — p —7—’\—4;(2[)

in returrn bends coolant | 4 return | 93
bends
An allowance may be made, also, for a thickness coolant in

entrance and exit plenums each of width Nbx/Np. The combined

weight of the two coolant thicknesses 1s

(Wt of coolant /ayers ) — {0 ZJ— AQ; X 1

. oo/, ~Fla L4
/n entr-ex/t plenums sool- cool Ny mo-Flow [ (54)

g

Equations (48) through (54%) were employed for computing the weights
of the wet core-plus-return bends reported herein. In computing
the weights, the densities employed for the several tube and fin

materials are shown in the following table; also shown are the
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thermal conductivities employed.

Tab B Densities And Ther Conductiviti f So
Material Density Thermal conductivity
(1b,/£t3) (Btu/nr£t2(°r/ft))
Steel 500 10
Cb-1%Zr 536 20
Aluminum 173 110
Copper 555 200

Densities and thermal conductivities employed for the coolants

were based on data in References 3,4 and 10-12, and were treated

as functions of temperature. The thickness of the coolant layers

in the entrance and exit

plenums was taken to be 1 inch.

Qutline of Calculation Seguence

An outline of the calculation procedure has previously been

presented on pages 17-19
sequence is presented in
employs the gas Reynolds
employs the gas pressure

surface contalned in the

of the text. A more detailed calculation
the following paragraphs. The secuence
number as the key independent variable;
drop to determine the gross amounts of

gas and coolant channels, as well as the

tube wall area across which heat flows by conduction; employs
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the prescribed overall thermal performance to determine a required
coolant velocity; and uses the coolant velocity to resolve the

gross surfaces into discrete tubes arranged in a well defined
pattern that implies definite core dimensions and weight, and coolant

pressure drop. Details of the calculation sequence are as follows:

Preliminary steps:

1. Local geometric dimensions are assigned to the finned tube
configuration, and the parameters defined by eaquations (1)-(8) are

computed.

2. A cooling effectiveness, ﬁg)o, a gas-to-coolant (mcp)—ratio,

é, and a number of coolant passes, Np, are assigned, and the
associated overall thermal resistance, 1/UA, is computed. 1In
computing 1/UA, use is made of equations (12)-(15) when C differs
from unity and of ecuations (12) and (16)-(18) when C equals

unity. The gas and coolant temperatures that determine pertinent
fluid properties, and the properties themselves, are also evaluated,
making use of the prescribed gas temperatures and of eauations (9a)

and (11).
Main calculation_ seguence:

3. The gas Reynolds number is used as the key independent variable.

Its definition herein is

Ke

It
@
:
&
Ny
<

C{Mmax I r. 279 (55
df ”/(j"f/m 735—'//;14 9
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The range of interest of the gas Reynolds number is first found
by performing exploratory calculations. These calculations
involve a sufficient number of steps in the main calculation
sequence detailed below to determine the coolant pressure drop
and establish that the pressure drop is in the range of interest.
When the coolant is a high performance liguid, the range of suit-
able gas Reynolds numbers is very narrow and substantial effort

may be entailed in locating the proper Reynolds number range.

When the range of interest of the gas Reynolds number has been

located, a set of Re values is arbitrarily assigned in this range.

d
J
Very small increments may be involved within the set of assigned

values.

4, For each assigned RedJ, the gas quantities Gmax,g’ Aflow,g

and A are found with equations (21), (23) and (7). The

frontal,g
assigned RedJ, in conjunction with figure 26 herein, also determines

a value of Cg,. for use in the pressure drop eguation.

5. The prescribed gas pressure drop (Table 1) is then substituted
for Ap, in equation (31) and this eoguation is solved for Ny, use
being made of eguations (32) and (33) and of the guantities

determined in step 4.

6. With Ny and Apq,, , both known, their product NpA is

4 flow,g

formed.

7. The thermal resistance of the gas, R is then found as

gas’
follows: The assigned RedJ, in conjunction with figure 26 herein,

determines a value of the heat convection parameter (h/chmax)Pr2/3.
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For known gas properties and previously determined G (Step &),

max,g

the gas heat transfer coefficient, h is computed from the heat

g’
convection parameter. The fin effectiveness is then determined in
accordance with Reference 8. The effective gas surface is then
computed with eguation (22), use being made of the value NbAflow,g
determined in Step 6 and of the specific surfaces detailed in

equations (&) and (9).

8. The wall thermal resistance, Ryyy3» 1s then computed with
equation (24), use being made of the specific surface detailed in

equation (5).

9. The required thermal resistance of the coolant, the reocuired
coolant heat transfer coefficient and the required coolant Nusselt
number are then computed with ecuations (25)-(27), employing the

specific surface detailed in ecuation (6).

10. The required coolant velocity is then computed with either
equation (29) or (30), employing the Nusselt number that was found

in Step 9.

11. With the ccolant velocity known, the tube and core parameters
detailed in ecuations (38), (39), (41) and (42) are used (in
conjunction with the value of Afrontal,g found in Step 4) to

compute the tube length per pass, /gfuée " by means of eguation (4k4).
P

12. With,l&uée?iknown, equations (34) through (36) are used to
find the coolant pressure drop. (Note that equation (36) applies

only to tubes that are straight (unfolded) in any one pass. If
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the tubes are folded in the plane of a bank, an additional
term must be introduced into eguation (36) to account for the

U-bends of the folded tube.)

1l3. The remaining heat exchanger quantities of interest are then
calculated straight forwardly with equations (37), (%0), (43),
(45) ---or equation (46) if tubes folded in the plane of a bank are
used and proper allowance is made for the U-bend pressure drops,

as noted in Step 12 ----, and ecuations (47) through (54).

14. When the component weights detailed in eouations (48) - (50)
and (52) - (54) have been computed, their sum yields the weight

of the wet core-plus-return bends.

15. The core volume is found as (Afrontal,g) X (iixial)’ which

involves terms previously computed.
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APPENDIX C

GAS FRICTION AND HEAT TRANSFER CORRELATIONS

In Reference 14, Jameson reports and correlates his extensive
data on friction and heat transfer in flow across banks of
externally finned tubes. Jameson's parameters correlate both
his frictlon data and his heat transfer data with spreads of
less than * 10 percent relative to the arithmetic average of the
experimental values at most Reynolds numbers. Such close

correlations are exceptionally good.

For studies of the type performed herein on the effects of
geometric parameters, reliable heat transfer and friction
correlations are necessary. Hence it was investigated whether
Jameson's parameters correlate five sets of data available in
References 9 and 16 in addition to his own data. Inasmuch as

it was thought convenient to use a single definition of Reynolds
number for friction and heat transfer, rather than to use two
different definitions as Jameson does, the available data were
re-worked to a single Reynolds number basis, as discussed 1in the

following paragraphs.

Jameson points out that the heat transfer coefficient is apparently
affected only by the characteristic dimension, djy, of a single
bank of tubes, and not by the spacing between successive banks.

He points out that the pressure drop, however, is affected not only
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by the local geometry of one tube bank but also by tube bank
spacing in the gas flow direction. He therefore employs another
characteristic diameter, DJ, to correlate pressure drop. In any
one flow, the Reynolds number for heat transfer, RedJ, differs

in magnitude from the Reynolds number for friction, ReDJ.

By use of Jameson's definitions of dy and Dy it is readily shown
that Jameson's friction factor correlation is expressible as a
simple function of his tube bank spacing parameter and his

Reynolds number for heat transfer, as follows:
4 f - AP:“r )

J = F) 2

Y (Gonen f29€)

0.4
2.324 & /& /__ (56)
a S =7 S —1
0.25%5 T

e

Ir

For convenience, a friction coefficient that depends only on RedJ

can be defined as

C = 4—7[:1
fr
0.4
2.324(w£) ( /., [
a Yz -7 -1 (57)
j— A
0.25
Y
ea/f
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Cep should correlate against the heat transfer Reynolds number

RedJ. The friction equation in terms of Cfr would be

) 0.4 y , 6;2
A = C x 2.324’ (___) ( + ma.x 8
L= S T Ja—r" //T:F) Y, 290, (58)

in which Cfr depends only on RedJ and the bracketed geometric

expression allows for the effects of bank spacing.

Equation (58) is identical with equation (56), which is Jameson's
equation. The sole gains from using C;. are that both heat
transfer and friction data can then be plotted against a single
Reynolds number, RedJ, and that the effects of tube spacing are
seen to be multiplicative with the Reynolds number function, Cs.,

that applies to a single bank.

)Pr2/3

In order to obtain curves of Cyp and (h/CpGmax

versus RedJ,
as well as to investigate the applicabllity of Jameson's parameters
to the new data in References 9 and 16, all the available data were
re-worked. The data that were processed consisted of the ten
original sets of Jameson data as reported in Reference 9, the

four additional sets of data presented in Reference 9, and the

data of Reference 16. Analysis showed that in order to obtain Cfr

from the friction factors reported in References 9 and 16, it was

necessary to multiply those friction factors by the term

-F
Skricffon 2 3224_(/4')0 ( / " /
Ny AL a JAa -1 Ve — 1

fow, 9
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in which the quantity sfriction/NbAfIOW,g is as given in egquation
(3) herein. A fair amount of basic re-work of the data in Reference

(16) was also performed.

In order to allow for gas property variation with temperature,
properties at the film temperature were used in RedJ as defined in
equation (55) herein, and in the Prandtl number. In keeping with
the finding in Reference (16) that the bulk density is more
appropriate than the film density in pressure drop across banks

of tubes, the bulk density is stipulated in equations (58) and

(32) herein.

Correlations of C.. and of (h/Cmeax)Pr%{%m versus(ﬁedJ,film)are
presented in figure 26. The spreads in the friction and heat
transfer correlations are about X 25 percent and about + 15 percent,
respectively, relative to the arithmetlic average values in the data

bands. The working curves employed for calculations herein are

also shown in figure 26.
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